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The mnvention relates to the use, as an extraction agent for
extracting at least one rare earth from an aqueous phase
including phosphoric acid, of at least one compound of the
following general formula (I):

()

where
n 1s an mteger equal to 0, 1 or 2,
R, and R, are H or an aliphatic hydrocarbon group,

one of R; and R, has the following formula (1I):

(1)

R

?—*:1:0

where R and R, are a hydrocarbon, hydroxyl or alkoxyl
group, and

the other one of R, and R, has one of the following
formulas (II') and (11I):

(II')
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-continued
(I11)
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where R.' and R,' are a hydrocarbon, hydroxyl or alkoxyl
group, and R, and R, are H or an aliphatic hydrocarbon

group.
The mvention also relates to a method for recovering at least

one rare earth using said compound, as well as to specific
compounds as such.
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USE OF NOVEL COMPOUNDS FOR
SELECTIVELY EXTRACTING RARE
EARTHS FROM AQUEOUS SOLUTIONS
INCLUDING PHOSPHORIC ACID AND
ASSOCIATED EXTRACTION METHOD

TECHNICAL FIELD

The present invention relates to the field of the extraction
of rare earths from acid aqueous phases 1n which said rare
carths are present.

It more specifically relates to the use of at least one
specific compound as an extraction agent, for extracting at
least one rare earth from an acid aqueous phase in which said
at least one rare earth 1s present.

The 1nvention also relates to a method for recovering at
least one rare earth present in an acid aqueous phase, said
method implementing this specific compound.

The acid aqueous phase from which the rare earth(s) may
be extracted, or from which they may be recovered, 1s an
aqueous solution comprising phosphoric acid. Such an aque-
ous solution may notably be a solution deriving from an acid
digestion of a concentrate of ores or wastes comprising said
at least one rare earth.

The present mvention notably finds application 1n the
treatment of natural ores and/or industrial wastes with a
view to reusing the rare earths present therein.

The present mvention finally relates to certain specific
compounds of which the use 1s mentioned above.

PRIOR ART

Rare earths group together metals characterised by related
properties, namely scandium (Sc), yttrium (Y) and all of the
lanthamides, the latter corresponding to the chemical ele-
ments set out in the Mendeleev periodic table of elements
which have an atomic number ranging from 357 for lantha-
num (La) to 71 for lutetium (Lu).

Rare earths are generally classified into two categories:
certum earths, or light rare earths, which group together Sc,
Y as well as metals ranging from lanthanum (La) to neo-
dymium (Nd), and heavy rare earths, or the yttrium group,
which group together metals ranging from promethium (Pm)
to lutetium (Lu).

The related properties of the rare earths are notably linked
to their electron configuration, 1n particular to the specificity
of their 41 electron subshell which enables numerous optical
transitions and confers them with specific magnetic and
catalytic properties. In view of these remarkable properties,
rare earths are used in numerous high-tech applications such
as lasers, permanent magnets, batteries or low consumption
bulbs.

Consequently, rare earths form part of so-called “techno-
logical” metals, the supply of which is strategic, but also
threatened under the effect of the growth 1n world demand
for these specific metals.

Among sources of rare earths may be cited bastnaesite
hard rock deposits as well as alluvial deposits of monazite
and xenotime. Besides these ores, which contain the highest
concentrations of rare earths, other ores may also be cited,
such as phosphate ores or apatites, which are certainly
poorer 1n lanthanides, but the exploitation and the treatment
of which could be profitable 1n the future. In the remainder
of the present description, the ores that have been cited and
which contain rare earths 1n greater or lesser amounts are
designated by the expression “natural ores™.
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Since rare earths are also very widely present 1n techno-
logical equipment, the re-use through recycling of industrial
wastes stemming from such equipment, and notably from
clectric and electronic equipment waste, noted “EEEW” or
“3EW”, represents a non-conventional and alternative
source ol accessing rare earths. In the remainder of the
present description, these industrial wastes which contain
rare earths are designated by the expression “industrial
ores”.

The methods currently used to recover rare earths from
these natural or industrial ores consist 1n subjecting said
ores, ground beforehand, to chemical treatments, by acid or
basic reagents, to obtain a mineral concentrate.

This mineral concentrate 1s then subjected to a chemical
digestion to enable solubilisation of the rare earths that are
contained therein. This chemical digestion 1s conventionally
carried out by means of one or more acid reagents among
which nitric acid, sulphuric acid, phosphoric acid or instead
hydrochloric acid.

The so-called *““acid digestion solution™ thereby obtained
1s then subjected to a hydro-metallurgical treatment based on
the technique of liquid-liquid extraction, a technique which
consists 1 bringing the aqueous phase constituted by this
acid digestion solution into contact with an organic phase
comprising one or more extraction agents, to obtain an
extraction of the rare earths, such an extraction having to be,
preferably, simultaneously eflicient and selective.

Among extraction agents used industrially for the extrac-
tion of rare earths may be cited bis-(2-ethylhexyl)phosphoric
acid (or HDEHP), 2-ethylhexyl-2-ethylhexylphosphonic
acid (or HEHEHP) as well as tri-n-butyl phosphate (or
TBP), TBP being the extraction agent the most used to date.

Apart from the fact that HDEHP enables extraction of rare
carths present 1n a strongly acidic (pH<1) aqueous phase
whereas HEHEHP enables extraction of rare earths present
in an acid aqueous phase acid having a 2<pH<3, these three
extraction agents HDEHP, HEHEHP and TBP are charac-
terised by a selective extraction of heavy lanthanides cor-
responding to lanthanides of which the atomic number 1s 61
or more (up to 71).

The use of such extraction agents thus does not make it
possible to extract all rare earths, but only heavy rare earths.
What 1s more, the use of HDEHP and HEHEHP extraction
agents imposes determined intervals of concentration of the
acid present in the aqueous phase.

A recent publication of S. Ansan et al. (“Chemistry of
Diglvcolamides: Promising Extractants for Actinide Parti-
tioning”, Chemical Reviews, 2012, 112, 1751-1772), refer-
enced [1] at the end of the present description, describes the
use of diglycolamides (or DGA), among which N,N,N'N'-
tetra-n-octyldiglycolamide (or TODGA), as compounds
suitable for the extraction of lanthanides and actinides
present 1n an aqueous phase comprising nitric acid.

However, the publication [1] reports that extraction by
TODGA may lead to the formation of a third phase, which
1s totally unacceptable for the implementation of an extrac-
tion method at an 1ndustrial scale. To remedy the formation
of this third phase, the publication [1] proposes associating
TODGA with a phase modifier, 1n this case TBP. In such a
configuration, there are thus no longer one but two extrac-
tion agents to implement. Yet, such a system with two
extraction agents, which notably requires the determination
of an optimal ratio thereof, 1s obviously more awkward to
manage than a system with a single extraction agent.

In the even more recent publication of H. Narita et al.
(“Separation of Rave Earth Elements from Base Metals in
Concentrated HNO,, H,S0, and HCI Solutions with Digly-
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colamide”, Solvent Extraction Research and Development,
Japan, 2013, 20, 115-121), referenced [2], the authors
describe the use of N,N'-dimethyl-N,N'-di-n-octyldiglycol-
amide (or MODGA) as an extraction agent of neodymium
Nd(III) and of dysprostum Dy(III) present in aqueous solu-
tions comprising, moreover, 1ron Fe(Ill), nickel Ni(II) and
variable molar concentrations that are comprised between
0.1 mol/LL and 7 mol/L of nitric acid, hydrochloric acid or
instead sulphuric acid. According to the experimental results
presented 1n this publication [2], the most eflicient and the
most selective extraction of Nd and of Dy, compared to Fe
and to Ni, 1s obtained with aqueous solutions comprising
nitric acid.

Although the extraction by diglycolamides of rare earths
from acid aqueous phases 1s known from the publications [1]
and [2], 1t 1s nevertheless observed that only the extraction
from aqueous phases comprising hydrochloric acid, sulphu-
ric acid or, more widely, nitric acid has been described.

Yet, and as 1llustrated in example 8 hereatter, the Inven-
tors have observed that the extraction performances
described 1n the publication [1], with TODGA as an extrac-
tion agent and the extraction being carried out from an
aqueous phase comprising nitric acid, were not transposable
to an extraction carried out from an aqueous phase com-
prising phosphoric acid.

It 1s on the basis of this observation that the Inventors set
themselves the aim of providing a novel family of extraction
agents which have a great athinity for all or part of the rare
carths and which can, consequently, be used for extracting at
least one rare earth from an acid aqueous phase 1n which this
or these rare earths are present, said acid aqueous phase
comprising, as acid, phosphoric acid and not nitric, hydro-
chloric or sulfuric acid.

The extraction by means of this novel family of extraction
agents must be able to extract the major part of the rare
carths present in the aqueous phase or, on the contrary, some
of these rare earths, for example as a function of their atomic
number. The extraction by means of these extraction agents
must also tend to be selective with respect to elements which
are also likely to be present in the acid aqueous phase but
which are not rare earths.

The Inventors also set themselves the aim that this extrac-
tion can be advantageously used 1n an interval of phosphoric
acid concentrations in the aqueous phase that 1s as wide as
possible.

The Inventors moreover set themselves the aim that this
extraction can be advantageously implemented with a single
extraction agent and without a third phase forming, thereby
making 1t possible to envisage favourably transposition of
the corresponding extraction method to an industrial scale.

DESCRIPTION OF THE INVENTION

The aforementioned aims and others are attained, firstly,
by the use of at least one specific compound as an extraction
agent, for extracting at least one rare earth from an aqueous
phase 1n which said at least one rare earth 1s present, said
aqueous phase further comprising phosphoric acid.

This specific compound, the use of which 1s the subject of
the present invention, 1s a compound of the following
general formula (I):
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(D)

where

n 1s an mteger equal to 0, 1 or 2,

R, and R, are, independently of each other, a hydrogen
atom, a C, to C,, aliphatic hydrocarbon group, satu-
rated or unsaturated, linear or branched, or a C; to Cq
cyclic aliphatic hydrocarbon group, saturated or
unsaturated, optionally branched,

one of R; and R, has the following formula (1I):

(1)

R5/

?—*:1:@

where R and R are, independently of each other, a C, to
C,, aliphatic hydrocarbon group, saturated or unsatu-
rated, linear or branched, a C; to C, cyclic hydrocarbon
group, saturated or unsaturated, optionally branched, a
hydroxyl group —OH or an alkoxyl group —OR, with
R being a C, to C,, aliphatic hydrocarbon group,
saturated or unsaturated, linear or branched, or a C; to

C, cyclic aliphatic hydrocarbon group, saturated or
unsaturated, optionally branched, and
the other one of R; and R, has:

either the following formula (II'):

(I
O
|

P
R:' -~ |
R¢'

in which R.' and R/' are, independently of each other,
a C, to C,, aliphatic hydrocarbon group, saturated or
unsaturated, linear or branched, a C, to Cq cyclic
hydrocarbon group, saturated or unsaturated, option-
ally branched, a hydroxyl group —OH or an alkoxyl
group —OR', with R' being a C, to C,, aliphatic
hydrocarbon group, saturated or unsaturated, linear
or branched, or a C, to C, cyclic aliphatic hydrocar-
bon group, saturated or unsaturated, optionally

branched,
or the following formula (III):

(I11)
I
R?\N _C
|
Rg

in which R, and R, are, independently of each other, a
hydrogen atom, a C, to C,, aliphatic hydrocarbon
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group, saturated or unsaturated, linear or branched,
or a C, to C; cyclic aliphatic hydrocarbon group,
saturated or unsaturated, optionally branched.

In the foregoing and hereafiter:

“C, to C,, aliphatic hydrocarbon group, saturated or
unsaturated, linear or branched”, 1s taken to mean any
alkyl, alkenyl or alkynyl group, with a linear or
branched chain, which comprises 1n total 1 to 12 carbon
atoms,

“C,4 to C, cyclic aliphatic hydrocarbon group, saturated or
unsaturated, optionally branched”, is taken to mean any
non-aromatic hydrocarbon group comprising at least
one ring, said ring comprising 3 to 8 carbon atoms, said
ring being able to be saturated or, on the contrary, to
comprise one or more unsaturations, this or these rings
moreover being able to be branched, the branched
chain(s) then comprising from 1 to 6 carbon atoms.
Thus, this group may notably be a cycloalkyl group
(cyclopropane, cyclopentane, cyclohexane, etc.), a
cycloalkenyl group (cyclopropenyl, cyclopentenyl,
cyclohexenyl, etc.) or mstead a cycloalkynyl group;

“C; to Cq4 cyclic hydrocarbon group, saturated or unsatu-
rated, optionally branched” 1s taken to mean any non-
aromatic hydrocarbon group comprising at least one
ring as defined 1n the preceding paragraph as well as
any aromatic hydrocarbon group comprising at least
one ring, said ring comprising from 3 to 8 carbon atoms
and satisiying the Mickel aromaticity rule with a num-
ber of delocalised & electrons equal to 4n+2. This or
these rings may moreover be branched, the branched
chain(s) then comprising from 1 to 6 carbon atoms.
Thus, this group may notably be a cycloalkyl group, a
cycloalkenyl group, a cycloalkynyl group or instead a
cycloaromatic group such as a phenyl or benzyl group.

Moreover, the expression “from . . . to ... that has been
used to define intervals, and which 1s used in the remainder
of the present application, must be understood as defining
not only the values of the interval, but also the values of the
limits of said interval.

The Inventors have 1n fact observed that, in a surprising
and unexpected manner, the use of compounds of the general
formula (I) above make 1t possible to extract, in an efhicient
and selective manner, at least one rare earth present, and
advantageously at least one lanthanide present, 1n an aque-
ous solution comprising, moreover, phosphoric acid.

Yet, although some of the compounds of the general
tormula (I) above have already been the subject of extraction
tests, as reported in the publication, referenced [3], of M.
Igbal et al. (“Synthesis and evaluation of ligands with mixed
amide and phosphonate, phosphinoxide, and phosphonoth-
ioate sites for An(IlI)/Ln(Ill) extraction”, New J. Chem.,
2012, 36, 2048-2059), these extractions were carried out 1n
conditions similar to those described 1n the publications [1]
and [2], namely from aqueous phases comprising nitric acid,
and not phosphoric acid.

In an advantageous version, the compound of general
formula (I), the use of which 1s the subject of the present
invention, 1s the compound 1n which n=0 and of the follow-
ing general formula (I'):

(')

Rz \(O\( Ry
R, R,

where R, R,, R; and R, are as defined above.
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In a first more specifically advantageous version, the
present invention relates to the use of the compound of the
following specific formula (I-a):

(I-a)
O O

]
RSM/\( \(
Re
R R

P\"""--... RSF

R’
where R, R,, R, R, R.' and R are as defined above, 1t
being specified that R. and/or R, are a hydroxyl group
—OH.

In a preferential manner, in the specific formula (I-a)
above:

one of R and R 15 a hydroxyl group —OH and the other
one of R; and R, 1s an alkoxyl group —OR, with R
being a C, to Cg, advantageously C,, alkyl group, linear
or branched, and

R.'and R/' are, independently of each other, a C, to C,,
advantageously C,, alkyl group, linear or branched.

The compound of specific formula (I-a), in which R, R,
R." and R, are as defined above, corresponds to a bifunc-
tional compound comprising a phosphinate group —PO
(OH)(OR) and a phosphine oxide group —POR.'R/'.

Also 1n a preferred manner, in the specific formula (I-a)
above, and according to a first alternative embodiment, R,
and R, are each a hydrogen atom.

As demonstrated in example 9 hereatter, the use of such
a bifunctional compound comprising a phosphinate group
and a phosphine oxide group and in which R,—R,—H
makes 1t possible to extract heavy rare earths (such as
ytterbium Yb) in an eflicient and particularly selective
manner, whether with respect to rare earths of lower atomic
number (such as La, Nd, Gd and Dy) or impurities (repre-
sented 1 all the examples by Fe), and regardless of the
concentration of phosphoric acid.

Also 1n a preferred manner, in the specific formula (I-a)
above, and according to a second alternative embodiment, at
least one of R, and R, 1s a C, to C,,, advantageously C, to
Cy, alkyl group, linear or branched.

Thus, and according to a first aspect of this second
alternative embodiment, in the specific formula (I-a) above,
R, and R, are each a C, to C,,, advantageously C, to C,,
alkyl group, linear or branched.

According to a second aspect of this second alternative
embodiment, 1n the specific formula (I-a) above, one of R,
and R, 1s a hydrogen atom and the other one of R; and R,
1s a C, to C,,, advantageously C, to C,, alkyl group, linear
or branched.

In a second more particularly advantageous version, the
present invention relates to the use of the compound of the
following specific formula (I-b):

(1-b)
O O

|
Rg
R R Rg
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where R, R,, R, R, R, and R, are as defined above, 1t
being specified that R. and/or R, are a hydroxyl group
—OH.
In a preferential manner, in the specific formula (I-b)
above:
one of R and R 1s a hydroxyl group —OH and the other
one of R; and R, 1s a C, to C,,, advantageously C,,
alkyl group, linear or branched, or an alkoxyl group
—OR, with R being a C, to C,, advantageously C,,
alkyl group, linear or branched, and
R, and R, are preferentially, independently of each other,
a C, to C,,, advantageously C,, alkyl group, linear or

branched.

Thus, 1n the case where one of R and R, 1s —OH, the
other one of R and R 1s an alkyl group, linear or branched,
as specified above and R, and R, are as defined above, the
compound of specific formula (I-b) corresponds to a bifunc-
tional compound comprising a phosphinate group —PO
(OH)R, or —PO(OH)R. and an amide group —COR-R,.

Thus, 1n the case where one of R; and R, 1s —OH, the
other one of R and R 1s an alkoxyl group —OR as specified
above and R, and R, are as defined above, the compound of
specific formula (I-b) corresponds to a bifunctional com-
pound comprising a phosphonate group —PO(OH)(OR) and
an amide group —COR-R,.

Also 1 a preferred manner, 1n the specific formula (I-b)
above, and according to a first alternative embodiment, R,
and R, are each a hydrogen atom.

As demonstrated in examples 11 and 12 hereafter, the use
of such a bifunctional compound comprising a phosphonate
group and an amide group and in which R,—R,—H makes
it possible to extract, 1n a grouped manner, all of the heavy
rare earths tested (Gd, Dy and Yb) as well as certain light
rare earths (Nd, but not La), and regardless of the concen-
tration of phosphoric acid of the aqueous phase, the extrac-
tion of Yb being moreover particularly selective with respect
to 1mpurities (Fe).

Also 1n a preferred manner, in the specific formula (I-b)
above, and according to a second alternative embodiment, at
least one of R, and R, 1s a C, to C,,, advantageously C, to
Cy, alkyl group, linear or branched.

Thus, and according to a first aspect of this second
alternative embodiment, 1n the specific formula (I-b) above,
R, and R, are each a C, to C,,, advantageously C, to C,,
alkyl group, linear or branched.

According to a second aspect of this second alternative
embodiment, in the specific formula (I-b) above, one of R,
and R, 1s a hydrogen atom and the other one of R, and R,
1s a C, to C,,, advantageously C, to C,, alkyl group, linear
or branched.

According to the second aspect of this second alternative
embodiment, the compound of specific formula (I-b), the use
of which 1s the subject of the present imvention, may
comprise a branching 1n alpha position with respect to the
cther, either on the side of the phosphonate group (1n which
case R,—H), or on the side of the amide group (in which
case R,—H).

According to this second aspect, the compound of specific
formula (I-b) 1s advantageously that in which R, 15 a
hydrogen atom.

Typically, and with reference to what has been described,
the compounds having the general formula (I) and, among,
them, the compounds having the specific formulas (I-a) and
(I-b), are used, according to the present invention, as extrac-
tion agents for extracting at least one rare earth from an
aqueous phase 1n which said at least one rare earth 1s present,
said aqueous phase comprising, moreover, phosphoric acid.
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According to an advantageous alternative embodiment of
the invention, the aqueous phase 1s an acid digestion solu-
tion, typically by one or more 1norganic acids, of a concen-
trate ol a natural or urban ore comprising said at least one
rare earth. The presence of phosphoric acid in this acid
digestion solution results from the use of phosphoric acid as
inorganic acid and/or from 1ts formation in situ given the
presence of precursors of such an acid, such as natural
phosphates.

It will be recalled that urban ore may notably come from
the recycling of industrial wastes such as electrical and
clectronic equipment waste (3EW).

According to another advantageous alternative embodi-
ment of the ivention, the aqueous phase comprises at least
0.1 mol/L, advantageously from 0.2 mol/L to 8 mol/L, and
preferentially from 0.5 mol/L to 5 mol/L, of phosphoric acid.

According to another advantageous alternative embodi-
ment of the ivention, the extraction 1s carried out by the
technique of liquid-liquid extraction, a technique which
brings this aqueous phase comprising the rare earth(s),
advantageously the lanthamde(s), and phosphoric acid into
contact with an organic phase comprising one or more of the
compounds mentioned above, preferentially a single of these
compounds.

According to another advantageous alternative embodi-
ment of the invention, this liquid-liquid extraction 1s carried
out by means of an organic phase comprising at least 107
mol/L, advantageously from 5-10~° mol/L to 1 mol/L, and
preferentially from 107> mol/L to 10~" mol/L, of the com-
pound 1n solution 1n an organic diluent.

Said organic diluent 1s advantageously of aliphatic type,
and may notably be n-docedane, hydrogenated tetrapropyl-
ene (HTP), kerosene or an 1soparailin such as Isane® IP 185
sold by the Total company.

The present mvention relates, secondly, to a method for
recovering at least one rare earth present, and advanta-
geously at least one lanthamide present, in an aqueous phase,
said aqueous phase further comprising phosphoric acid.

According to the mvention, this recovery method com-
prises the following steps:

a) extracting said at least one rare earth, advantageously
said at least one lanthanide, from the aqueous phase by
bringing the aqueous phase into contact with an organic
phase comprising at least one compound as defined above,
then separating the aqueous phase from the organic phase;
and

b) stripping said at least one rare earth present, advanta-
geously said at least one lanthanide present, in the organic
phase as obtained at the end of step a) by bringing said
organic phase ito contact with an aqueous phase, then
separating the organic phase from the aqueous phase.

In step a) of this method according to the invention, the
compound present in the organic phase 1s the compound as
defined above, 1t being specified that the advantageous
characteristics of this compound may be taken alone or 1n
combination.

In the same way, the aqueous and organic phases used
during step a) of the method according to the mnvention may
be as defined above, 1n relation with the use of the com-
pound, and may have the advantageous characteristics
described above for these aqueous and organic phases, alone
or 1n combination.

In an advantageous alternative embodiment of the method
according to the invention, during step a), to the aqueous
phase 1s added at least one salt, such as a nitrate or sulphate
salt of an alkaline or alkaline-earth metal, which makes 1t
possible to increase the 1onic force of said aqueous solution.
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The introduction of such a salt has the eflect of increasing,
the extraction performance for all of the rare earths (see
examples 11 and 12 hereafter).

Such a salt may notably be selected from sodium, lithium
or potassium nitrate. Said salt 1s advantageously sodium
nitrate.

The molar concentration of salt(s), 1n the aqueous phase,
1s from 0.01 mol/L to 4 mol/L, advantageously from 0.05
mol/L to 3 mol/LL and, preferentially, from 0.1 mol/L to 2
mol/L.

In an alternative advantageous embodiment of the method
according to the invention, the aqueous phase used during
step a) 1s an acid digestion solution, by phosphoric acid, of
a concentrate of a natural or urban ore comprising said at
least one rare earth.

The present invention relates, thirdly, to specific com-
pounds which, to the knowledge of the Inventors, have not
been described to date.

In a first version, the compound according to the invention
has the following specific formula (I-a):

(I-a)
O O

|
Ry /PYOY P\““- Ry’
Re R¢'
R, R,

where
R, and R, are, independently of each other, a hydrogen
atom, a C, to C,, aliphatic hydrocarbon group, satu-
rated or unsaturated, linear or branched, or a C; to C,
cyclic aliphatic hydrocarbon group, saturated or
unsaturated, optionally branched,
one of R and R, 1s a hydroxyl group —OH and the other
one of R; and R, 1s a C, to C,, aliphatic hydrocarbon
group, saturated or unsaturated, linear or branched, a
C; to C, cyclic hydrocarbon group, saturated or unsatu-
rated, optionally branched, a hydroxyl group —OH or
an alkoxyl group —OR, with R being a C, to C,,
aliphatic hydrocarbon group, saturated or unsaturated,
linear or branched, or a C; to Cg cyclic aliphatic
hydrocarbon group, saturated or unsaturated, optionally
branched, and
R.'and R/' are, independently of each other, a C, to C,,
aliphatic hydrocarbon group, saturated or unsaturated,
linear or branched, a C; to C; cyclic hydrocarbon
group, saturated or unsaturated, optionally branched, a
hydroxyl group —OH or an alkoxyl group —OR', with
R' being a C, to C,, aliphatic hydrocarbon group,
saturated or unsaturated, linear or branched, or a C, to
Cq cyclic aliphatic hydrocarbon group, saturated or
unsaturated, optionally branched.
In a preferential manner, 1n the specific formula (I-a)
above:
one of R and R 1s a hydroxyl group —OH and the other
one of R; and R 1s an alkoxyl group —OR, with R
being a C, to C,, advantageously C,, alkyl group, linear
or branched, and
R."and R, are, independently of each other, a C, to C,,
advantageously C,, alkyl group, linear or branched.
As already indicated previously, the compound of specific
tformula (I-a) in which R, R, R." and R/' are as they have
been defined above, corresponds to a bifunctional compound
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comprising a phosphonate group —PO(OH)(OR) and a
phosphine oxide group —POR'R/".

Also 1n a preferred manner, in the specific formula (I-a)
above, and according to a first alternative embodiment, R,
and R, are each a hydrogen atom.

Also 1n a preferred manner, in the specific formula (I-a)
above, and according to a second alternative embodiment, at
least one of R, and R, 1s a C, to C,,, advantageously C, to
Cy, alkyl group, linear or branched.

Thus, and according to a first aspect of this second
alternative embodiment, in the specific formula (I-a) above,
R, and R, are each a C, to C,,, advantageously C, to C,,

alkyl group, linear or branched.

According to a second aspect of this second alternative
embodiment, 1n the specific formula (I-a) above, one of R,
and R, 1s a hydrogen atom and the other one of R, and R,
1s a C, to C,,, advantageously C, to C,, alkyl group, linear
or branched.

In a second version, the compound according to the
invention has the following specific formula (I-b):

(I-b)
O O

|
RSE/P\rO\rC\ N ~ Ry
Rq |
R R> Rg

where
R, and R, are, independently of each other, a hydrogen
atom, a C, to C,, aliphatic hydrocarbon group, satu-
rated or unsaturated, linear or branched, or a C; to C,
cyclic aliphatic hydrocarbon group, saturated or
unsaturated, optionally branched,
one of R and R, 1s a hydroxyl group —OH and the other
one of R; and R, 1s a C, to C,, aliphatic hydrocarbon
group, saturated or unsaturated, linear or branched, a
C, to C, cyclic hydrocarbon group, saturated or unsatu-
rated, optionally branched, a hydroxyl group —OH or
an alkoxyl group —OR, with R being a C, to C,,
aliphatic hydrocarbon group, saturated or unsaturated,
linear or branched, or a C; to C, cyclic aliphatic
hydrocarbon group, saturated or unsaturated, optionally
branched, and
R, and R, are, independently of each other, a hydrogen
atom, a C, to C,, aliphatic hydrocarbon group, satu-
rated or unsaturated, linear or branched, or a C, to C,
cyclic aliphatic hydrocarbon group, saturated or
unsaturated, optionally branched.
In a preferential manner, 1n the specific formula (I-b)
above, R and R, are such that:
one of R and R 1s a hydroxyl group —OH and the other
one of R; and R, 1s a C, to C,,, advantageously Ci,,
alkyl group, linear or branched, or an alkoxyl group
—OR, with R being a C, to C,, advantageously C,_,
alkyl group, linear or branched, and
R, and R, are, independently of each other, a C, to C,,,
advantageously C,, alkyl group, linear or branched.
Thus, and as already indicated previously, the compound
of specific formula (I-b) may correspond to a bifunctional
compound which comprises:
cither a phosphinate group —PO(OH)R  or —PO(OH)R.
and an amide group —COR-R,, 1n the case where one
of R and R, 1s —OH and the other one of R and R,

1s an alkyl group as specified above,
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or a phosphonate group —PO(OH)(OR) and an amide
group —COR,R,, 1n the case where one of R, and R
1s —OH and the other one of R and R, 1s an alkoxyl

group —OR as specified above.

Also 1 a preferred manner, 1n the specific formula (I-b)
above, and according to a first alternative embodiment, R,
and R, are each a hydrogen atom.

Also 1 a preferred manner, 1n the specific formula (I-b)
above, and according to a second alternative embodiment, at
least one of R, and R, 1s a C, to C,,, advantageously C, to
C,, alkyl group, linear or branched.

Thus, and according to a first aspect of this second
alternative embodiment, 1n the specific formula (I-b) above,
R, and R, are each a C, to C,,, advantageously C, to C,,
alkyl group, linear or branched.

According to a second aspect of this second alternative
embodiment, in the specific tormula (I-b) above, one of R,
and R, 1s a hydrogen atom and the other one of R, and R,
1s a C, to C,,, advantageously C, to C,, alkyl group, linear
or branched.

According to the second aspect of this second alternative
embodiment, the compound of specific formula (I-b), the use

of which 1s the subject of the present invention, may
comprise a branching in alpha position with respect to the
cther, either on the side of the phosphonate group (in which
case R,—H), or on the side of the amide group (in which
case R,—H).

According to this second aspect, the compound of specific
formula (I-b) 1s advantageously that in which R, 1s a
hydrogen atom.

Other characteristics and advantages of the invention will
become clearer on reading the examples that follow and
which relate to the synthesis of compounds according to the
invention as well as to tests which demonstrate the aptitude
of these compounds to extract all or part of rare earths from
aqueous solutions comprising phosphoric acid and in which
said rare earths are present.

It 1s specified that these examples are only given for the
purposes of illustrating the objects of the mvention and do
not constitute in any case a limitation of said objects.

EXAMPLES

Synthesis of Compounds According to the
Invention

Example 1: Synthesis of a Bis-Phosphine Oxide

The synthesis implements an alcohol-phosphine oxide
with a chloride-phosphine oxide, according to the William-

son reaction, in the presence of sodium hydrnide (NaH) 1n
tetrahydrofuran (THF).
The corresponding reaction, noted (1), 1s the following;:

(1)

I I
P OH P Cl
7~ , NaH/THF
RS ‘ . R ‘\r a _
R¢ R¢’
R Ry
alcohol-phosphine chloride-phosphine
oxide oxide
R5, Rﬁ — El.lkyl R5F, RﬁF — El.lkyl
groups groups
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-continued
O O
L
Rg/‘\‘/ \(‘\RS,
Ry R’

R,

bis-phosphine oxide
Compound (I-a)

More particularly, the synthesis targeted here 1s that of
bis-di-octyl phosphine oxide, which corresponds to the
compound of formula (I-a) in which R,—R,—H and
R.—R—R./—R./'=n-C.H,-=n-octyl (hereaiter abbreviated
to “Oct”).

Bis-di-octyl phosphine oxide 1s obtained by the imple-
mentation of the following reaction (2):

(2)
i [
P OH P Cl ,
Oct”” |\/ . Oct”” ‘\/ Nal/THF
Oct Oct
1-(hydroxymethyl)- 1-(chloromethyl)-
di-octyl phosphine di-octyl phosphine
oxide oxide
I I
P O P
Oct/ ‘\'/ ~N ‘\Oct
Oct Oct

bis-di-octyl phosphine oxide

1.1 Synthesis of 1-(hydroxymethyl)-di-octyl
phosphine oxide

The synthesis of 1-(hydroxymethyl)-di-octyl phosphine
oxide 1s carried out from di-octyl phosphine oxide, this
di-octyl phosphine oxide being itself synthesised from a
phosphite.

1.1.1 Synthesis of di-octyl phosphine oxide

Di-octyl phosphine oxide 1s synthesised from diethyl
phosphite, according to the following reaction (3):

(3)
O
EtO\‘Il F6,0 oct.\\P
+  Oct—MgB -
ro” H ° S T4s00. 4 oct”” H
14— 050/
diethyl Yield =95% di-octyl
phosphite phosphine
oxide

The operating protocol followed for the implementation
of the reaction (3) 1s the following: to a 2 mol/L suspension
ol n-octyl magnesium bromide (noted Oct-MgBr) 1n ether
(100 mL, 1.e. around 3 eq) 1s added drop by drop, at 0° C.
and under stirring, diethyl phosphite (1 eq, 1.e. 13.5 g or 70
mmol). After total addition, the mixture 1s slowly taken to
room temperature then to 45° C. for 4 h. The mixture 1s next
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acidified using a 25% aqueous solution of sulphurlc acid
H,SO, added drop by drop at 0° C. Once the eflervescence
has stopped a same quantity of water and of ether 1s added
to the mixture. The organic phase 1s next separated and
washed successively with a 10% solution of potassium
carbonate K,CO; (2 times), with water (2 times) then with
brine (2 times). The organic phase 1s next dried over sodium
sulphate Na,SO,, filtered then concentrated to obtain di-
octyl phosphine oxide (95% yield) which 1s 1n the form of
a white powder.

The characterisation data of this di-octyl phosphine oxide
are the following:

'H NMR (400 MHz, CDCL,) & (ppm): 7.38 (d, 1H, P—H):
1.82-1.53 (m, 8H, CH,— CH,—P); 1.41-1.22 (m, 20H,
CH,); 0.85 (m, 6H, CH,)

31p NMR (160 MHz, CDCL,) & (ppm): 35.3

1.1.2 Synthesis of 1-(hydroxymethyp-di-octyl
phosphine oxide

1-(hydroxymethyl)-di-octyl phosphine oxide 1s synthe-
sised from the di-octyl phosphine oxide as previously
obtained (see paragraph 1.1.1), according to the following
reaction (4):

(4)

O
H CH,(OH), Ot ‘P -
\ -
/ Na, FtOH oct”” N
90°C.,2h
di-octyl Vield =?80% 1-(hydroxymethyl)-
phosphine di-octyl phosphine

oxide oxide

The operating protocol followed for the implementation
of the reaction (4) 1s the following: to a solution of di-octyl
phosphine oxide (1 eq) m ethanol (0.5 mol/L), are added,
under stirring, sodium Na (activated beforehand in metha-
nol) then paraformaldehyde (1.2 eq). The mixture i1s next
taken to reflux (80° C.) for 2 h. The solvent 1s next
evaporated. The mixture 1s then taken up 1n dichloromethane
(DCM), then washed with water (2 times) and with brine (2
times). The organic phase 1s dried over Na,SQO,, filtered and
concentrated to obtain 1-(hydroxymethyl)-di-octyl phos-
phine oxide (80% vield) which 1s 1n the form of a very
viscous oil.

The characterisation data of this 1-(hydroxymethyl)-di-
octyl phosphine oxide are the following:

'H NMR (400 MHz, CDCly) & (ppm): 3.89 (s, 2H,
CH,—OH); 1.80-1.72 (m, 4H, CH,—P); 1.64-1.55 (m, 4H,
CH,CH,P); 1.42-1.27 (m, 20H, CH,); 0.90 (m, 6H,
CH,)

31p NMR (160 MHz, CDCL,) 8 (ppm): 49.1

1.2 Synthesis of 1-(chloromethyl)-di-octyl
phosphine oxide

The synthesis of 1-(chloromethyl)-di-octyl phosphine
oxide 1s carried out from 1-(hydroxymethyl)-di-octyl phos-
phine oxide as previously obtained (see paragraph 1.1.2),
according to the following reaction (3):
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()
O O
O‘:’t\g - PCls Ll,
Oﬂt/ ~ toluene g / v
90°C.,2h

1-(chloromethyl)-
di-octyl phosphine
oxide

1-(hydroxymethyl)-
di-octyl phosphine
oxide

Yield = 76%

The operating protocol followed for the implementation
of the reaction (5) 1s the following: to a solution formed of
1 -(hydroxymethyl)-di-octyl phosphine oxide (1 eq) 1n anhy-
drous toluene (0.5 mol/L) 1s added, at 0° C. and under

stirring, phosphorous pentachloride PCl. (2 eq) in small
portions. After total addition, the mixture 1s slowly taken to
room temperature then to retlux (110° C.) for 2 h. The excess

of PCl; 1s next neutrahsed by adding, drop by drop, water at
0° C. Once the eflervescence has stopped, a quantity of
water equal to half of the volume of toluene 1s added and the
mixture 1s stirred for 10 min. The organic phase 1s next
separated and washed with a solution of sodium hydroxide
NaOH (0.5M) and brine. It 1s next dried over Na,SO,,
filtered and concentrated to obtain 1-(chloromethyl)-di-octyl
phosphine oxide (76% vyield) which 1s 1n the form of a
viscous oil.

The characterisation data of this 1-(chloromethyl)-di-
octyl phosphine oxide are the following:

'"H NMR (400 MHz, CDCL,) & (ppm): 3.58 (d, 2H, J=8
Hz, CH,—Cl); 1.91-1.82 (m, 4H, CH,—P); 1.74-1.56 (m,
4H, CH,—CH,—P); 1.48-1.26 (m, 20H, CH,); 0.90 (m, 6H,
CH,)

>'P NMR (160 MHz, CDCL,) & (ppm): 49.3

1.3 Synthesis of bis-di-octyl phosphine oxide

The synthesis of bis-di-octyl phosphine oxide 1s obtained
by the reaction of 1-(hydroxymethyl)-di-octyl phosphine
oxide and 1-(chloromethyl)-di-octyl phosphine oxide previ-
ously synthesised (see respectively paragraphs 1.1 and 1.2
above), according to the following reaction (2'):

)
i [
P OH P Cl ,
Oct”” |\/ . Oct”” ‘\/ Nal/THF
Oct Oct 12 h
Yield = 82%
1-(hydroxymethyl)- 1-(chloromethyl)-
di-octyl phosphine di-octyl phosphine
oxide oxide
‘ﬁ I
P
/ ‘\/ ~N ‘\Oct
Oct Oct

bis-di-octyl phosphine oxide

The operating protocol followed for the implementation
of this reaction (2') 1s the following: to a suspension of
sodium hydride NaH (4 eq, washed beforehand 2 times with
pentane) 1 anhydrous THF (1 mol/L), 1s added drop by drop
a solution formed by 1-(hydroxymethyl)-di-octyl phosphine
oxide mn THF (1 eq at 0.5 mol/L). After total addition, the
mixture 1s stirred for 1 h then a solution formed by 1-(chlo-
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romethyl)-di-octyl phosphine oxide (1.2 eq) in THF 1s added
drop by drop. The mixture 1s next stirred for 12 h. The crude
1s next acidified using a solution of hydrochloric acud HCI
(3M), added drop by drop at 0° C. The solvent 1s next
evaporated. The crude 1s taken up in ethyl acetate then
washed with HCI (3M) (2 times) and water (2 times). The

organic phase 1s dried over Na,SO,, filtered then concen-
trated 1 a rotary evaporator. The resulting crude 1s next
purified by recrystallisation in ethyl acetate to obtain bis-
di-octyl phosphine oxide (with a 82% vyield) which 1s in the
form of a white powder.

The characterisation data of this bis-di-octyl phosphine
oxide are the following:

'H NMR (400 MHz, CDCL,) & (ppm): 3.90 (d, 4H, J=6.4
Hz, CH,—O); 1.78-1.57 (m, 16H, CH,—CH,—P); 1.42-
1.27 (m, 40H, CH,); 0.90 (m, 12H, CH,)

3P NMR (160 MHz, CDCL,) S (ppm): 46.1

Example 2: Synthesis of a Phosphonate-Phosphine
Oxide

The synthesis implements an alcohol-phosphonate with a
chloride-phosphine oxide, according to the Williamson reac-
tion, 1n the presence of sodium hydride (NaH) and potassium

iodide (KI) 1n tetrahydroturan (THEF).

The corresponding reaction, noted (1b1s), 1s the following,
it being specified that one of the alkoxyl groups among R.
and R, hydrolyses during this reaction:

(1bis)

I i
e 1 OH y P <l NaH/KI/THF
R3 ‘ + Rs ‘ -
R¢ R¢’
Rl RZ
alcohol- chloride-phosphine
phosphonate oxide
Rs, Rg = alkoxyl R5', R¢' = alkyl
groups groups
I I
P O P
RS:G Rfm;
Rj Ry

phosphonate-phosphine oxide
Compound (I-a)

More particularly, the synthesis targeted here 1s that of
butyl (({(dioctanoylphosphoryl)-2-oxoethoxy)methyl)-phos-
phonate, which corresponds to the compound of formula
(I-a) in which R,—R,—H, one of R and R 1s a —OH and
the other one of R and R 1s n-C_,H,O (hereatter abbreviated
to “Bu0”) and R,;/—=R/=n-octyl (hereafter abbreviated to
“Oct”).

Butyl  (((dioctanoylphosphoryl)-2-oxoethoxy)methyl)-
phosphonate 1s obtained by the implementation of the fol-
lowing reaction (6):
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(6)

O O
‘Il O ‘Il - NaH/KI/THF
+ -
g
OBu Oct
1-(hydroxymethyl)- 1-(chloromethyl)-
di-butyl phosphonate di-octyl phosphine
oxide
I I
P O P
BuO” \\/ \/\\oct
OH Oct

butyl(({dioctanoylphosphoryl)-
2-oxoethoxy)-
methyl)-phosphonate

2.1 Synthesis of
1 -(hydroxymethyp-di-butyl-phosphonate

The synthesis of 1-(hydroxymethyl)-di-butyl-phospho-

nate 1s carried out from a phosphite, 1n this case dibutyl
phosphite, according to the following reaction (7):

(7)

O O
BuO\‘P Buo.\\P .
NEt
Bu0” “H + HCHO 2 o g0’ N
90°C.,2h
dibutyl Yield = 68% 1-(hydroxymethyl)-
phosphite di-butyl-phosphonate

The operating protocol followed for the implementation
of the reaction (7) 1s the following: a mixture of dibutyl
phosphite (1 eq) and formaldehyde (1.2 eq) 1n triethylamine
NELt; 1s taken to retlux (90° C.) under stirring for 2 h. The
triethylamine 1s next evaporated. The crude 1s taken up in
DCM then washed with a saturated solution of NaHCO, (2
times) and with brine (2 times). The organic phase 1s dried
over Na,SQO, then concentrated 1n a rotary evaporator. The
excess ol formaldehyde 1s distilled 1n an oven at reduced
pressure. The resulting crude 1s next purified by flash
chromatography on silica gel column (eluant: cyclohexane/
cthyl acetate from 100/30 to 50/100, v/v) to obtain 1-(hy-
droxymethyl)-di-butyl-phosphonate (68% vyield) which 1s 1n
the form of a viscous oil.

The characterisation data of this 1-(hydroxymethyl)-di-
butyl-phosphonate are the following:

'"H NMR (400 MHz, CDCL,) d (ppm): 4.84 (s, 1H, OH);
4.14-4.08 (m, 2H, O—CH,); 3.92 (d, 4H, J=6 Hz, CH,—
OH); 1.71-1.64 (m, 4H, O—CH,—CH,); 1.47-1.37 (m, 4H,
O—CH,—CH,—CH,); 0.95 (t, 6H, J=7.4 Hz, CH;)

*'P NMR (160 MHz, CDCL,) 8 (ppm): 24.5

2.2 Synthesis of 1-(chloromethyl)-di-octyl
phosphine oxide

The synthesis of 1-(chloromethyl)-di-octyl phosphine
oxide 1s carried out according to reaction (5) and to the
operating protocol described in paragraph 1.2 above.

2.3 Synthesis of butyl (((dioctanoylphosphoryl)-2-
oxoethoxy )methyl)-phosphonate

The synthesis of butyl (((dioctanoylphosphoryl)-2-0x-
oethoxy)methyl)-phosphonate 1s obtained by the reaction of
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1 -(hydroxymethyl)-di-butyl phosphonate and 1-(chlorom-
cthyl)-di-octyl phosphine oxide previously synthesised (see
respectively paragraphs 2.1 and 1.2 above), according to the
following reaction (6'):

6.’
. . (6)
| |

NaH/KI/THF

12 h
Yield = 36%

P OH - p Cl
Buo” | " 0t | >N
OBu Oct

1-(chloromethyl)-
di-octyl phosphine

1-(hydroxymethyl)-
di-butyl phosphonate

oxlde
O O
b o
BuO0”” \\/ ~ \\oct
OH Oct

butyl({(dioctanoylphosphoryl)-
2-oxoethoxy)-
methyl)-phosphonate

The operating protocol followed for the implementation
of this reaction (6') 1s the following: to a suspension of
sodium hydride NaH (4 eq, washed beforehand 2 times with
pentane) 1 anhydrous THF (1 mol/L), and 1n the presence
of potassium 1o0dide KI (1 eq), 1s added drop by drop a
solution formed by 1-(hydroxymethyl)-di-butyl phospho-
nate in THF (1 eq at 0.5 mol/L). After total addition, the
mixture 1s stirred for 1 h, then 1s added drop by drop a
solution formed by 1-(chloromethyl)-di-octyl phosphine
oxide (1.2 eq) in THF. The mixture 1s next stirred for 12 h.
The crude 1s next acidified using a solution of hydrochloric
acid HCI1 (3M), added drop by drop at 0° C. The solvent 1s
next evaporated. The crude 1s taken up 1n ethyl acetate then
washed with HC1 (3M) (2 times) and with water (2 times).
The organic phase 1s dried over Na,SO,, filtered then
concentrated 1n a rotary evaporator. The resulting crude 1s
next purified by recrystallisation 1n ethyl acetate to obtain
butyl (({(dioctanoylphosphoryl)-2-oxoethoxy)methyl)-phos-
phonate (with a 36% yield) which 1s 1n the form of a white
powder.

The characterisation data of this butyl (((dioctanoylphos-
phoryl)-2-oxoethoxy)methyl)-phosphonate are the follow-

ng:

'"H NMR (400 MHz, CDC1,) & (ppm): 9.68 (s, 1H, OH);
4.17-4.05 (m, 4H, CH,—O and O—CH,—P—0); 3.95 (d,
2H, J=7.6 Hz, P—CH,—O0); 1.86-1.78 (m, 4H, CH,—P);
1.71-1.55 (m, 6H, CH,—CH,—P and O—CH,—CH.,);
1.47-1.25 (m, 22H, CH,); 0.97-0.87 (m, 9H, CH,)

3P NMR (160 MHz, CDCL,) 8 (ppm): 51.9; 19.8

HRMS (EI+): calculated for C,,H, ;O.P,: 454.3035;
found: 454.3035

Example 3: Synthesis of a Phosphinate

Ethyl octanoyl-phosphinate, or octyl ethoxyphosphinate,
1s synthesised from triethyl phosphite, according to the
following reaction (8):
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(3)

O O
EtO\ ‘p - oR Et,O Oct ~ L
+ ct— Mgbr - -
B0 NOE: 0" C., 1 h BO7 H
Yield =72%
triethyl ethyl
phosphite octanoyl-
phosphinate

The operating protocol followed for the implementation
of the reaction (8) 1s the following: to a 2 mol/LL suspension
ol n-octyl magnesium bromide (noted Oct-MgBr) 1n ether

(20 mL, 1.e. around 1.5 eq) 1s added drop by drop, over a
period of 1 h, at 0° C. and under argon atmosphere, tricthyl
phosphite (10 mL or 57.5 mmol). After total addition, the
mixture 1s vigorously stirred, then a solution of 1M HCI (50
ml.) 1s added up to complete dissolution of the salts (the
addition of ether may optionally be necessary). The mixture
1s slowly taken to room temperature then to 45° C. for 4 h.
The mixture 1s next extracted with 100 mL of ether (2 times).
The organic phase 1s next separated and washed succes-
sively with 100 mL of 1M HCI, with 100 mL of water then
with 100 mL of brine. The organic phase 1s next dried over
MgSO,, and the solvent 1s evaporated. After purification by
flash chromatography on silica gel column (eluant: cyclo-
hexane/ethyl acetate), ethyl octanoyl-phosphinate (72%
yield), which 1s 1n the form of a colourless oil, 1s 1solated.

The characterisation data of this ethyl octanoyl-phosphi-
nate are the following:

"HNMR (400 MHz, CDCL,) & (ppm): 7.04 (d, 1H, P—H);
4.22-4.05 (m, 2H, O—CH,); 1.81-1.73 (m, 2H, P—CH,);
1.65-1.54 (m, 2H, P—CH,—CH,); 1.42-1.24 (m, 13H, CH,
and O—CH,—CH,); 0.89 (t, 3H, J=7 Hz, CH;)

*IP NMR (160 MHz, CDCL,) 8 (ppm): 39.0

Example 4: Synthesis of Alcohol-Phosphonates
An alcohol-phosphonate may be obtained by the reaction

ol a phosphite with an aldehyde according to the following
reaction (9):

()

O
O
Rs )L NEt R
>P\ + R, H —— 32h - 5\‘}1 -
Rﬁ H - -
aldehyde  Yield >50%  Re \‘/
phosphite R,
alcohol-
phosphonate

Thus, as has been seen already in paragraph 2.1 above,
1 -(hydroxymethyl)-di-butyl phosphonate was synthesised
by the reaction of dibutyl phosphite (R.—R —C_H,O) with
formaldehyde (R,—H).

Other alcohol-phosphonates have been synthesised
according to the following operating protocol: a mixture of
phosphite (1 eq) and aldehyde (1.2 eq) 1n triethylamine 1s
taken to retlux (90° C.) under stirring for 2 h. The triethyl-
amine 1s next evaporated. The crude 1s taken up 1n DCM
then washed with a saturated solution of NaHCO, (2 times)
and with brine (2 times). The organic phase 1s dried over
Na,SO, then concentrated 1n a rotary evaporator. The excess
of formaldehyde 1s distilled in an oven under reduced
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pressure. The resulting crude 1s next purified by ftlash
chromatography on silica gel column (eluant: cyclohexane/
cthyl acetate from 100/50 to 50/100, v/v) to obtain the
corresponding alcohol-phosphonate (with a vyield greater
than 50%) which 1s 1n the form of a viscous o1l or a white
powder, depending on the case.

4.1 Synthesis of
1 -(hydroxynonyl)-di-butyl-phosphonate

1-(hydroxynonyl)-di-butyl-phosphonate 1s the alcohol-
phosphonate 1n which R.—R . —n-C_ H,O (BuO) and R ,=n-
C.H,, (Oct). It thus corresponds to the following formula:

Oct

The characterisation data of this compound, synthesised
with a 58% vyield, are the following:

"H NMR (400 MHz, CDCL,) & (ppm): 4.13-4.04 (m, 4H,
O—CH,); 3.85-3.80 (im, 1H, CH); 1.82-1.59 (m, 6H, CH,);
1.42-1.24 (m, 16H, CH,); 0.93-0.84 (m, 9H, CH;)

*'P NMR (160 MHz, CDCL,) 6 (ppm): 25.4

4.2 Synthesis of
1 -(hydroxyethyl)-di-butyl-phosphonate

1-(hydroxyethyl)-di-butyl-phosphonate 1s the alcohol-
phosphonate 1 which R.—R.=n-C,H,O (BuO) and
R,—CH,. It thus corresponds to the following formula:

The characterisation data of this compound, synthesised
with a 54% vyield, are the following:

"H NMR (400 MHz, CDCL,) & (ppm): 4.87 (s, 1H, OH);
4.07-3.95 (m, 5SH, CH and O—CH,); 1.62-1.54 (m, 4H,
O—CH,—CH,); 1.38-1.28 (m, 7H, O—CH,—CH,—CH,
and CH,); 0.86 (t, 6H, J=7.4 Hz, CH;)

*'P NMR (160 MHz, CDCL,) 8 (ppm): 25.8

4.3 Synthesis of
1 -(hydroxymethyp-di-ethylhexyl-phosphonate

1-(hydroxymethyl)-di-ethylhexyl-phosphonate 1s  the
alcohol-phosphonate 1n which R.—R =2-ethylhexyl (noted
EtHex) and R,—H. It thus corresponds to the following
formula:

O
EtHexO_ |
P

~_

> OH
EtHexO

The characterisation data of this compound, synthesised
with a 78% vyield, are the following:
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'"H NMR (400 MHz, CDCL,) § (ppm): 4.04-3.98 (m, 4H,
O—CH,); 3.92 (d, 2H, J=6 Hz, CH,—OH); 1.60-1.54 (m,
2H, CH); 1.44-1.28 (m, 16H, CH,); 0.91 (t, 6H, J=7.2 Hz,
CH;)

31p NMR (160 MHz, CDCL,) & (ppm): 24.2

Example 5: Synthesis of an Alcohol-Phosphinate

An alcohol-phosphinate may be obtained by the reaction
ol a phosphinate with an aldehyde according to the follow-
ing reaction (9'):

©)

O
L :
Rs NEt R
> P, T R H — N ‘Il on
R o 90° C., 2 h P
aldehyde  Yield >50%  Re Y
phosphinate R,
alcohol-
phosphinate

Thus, the synthesis of 1-(hydromethyl)-ethyl octanoyl-
phosphinate 1s obtained by the reaction of ethyl octanoyl-
phosphinate synthesised according to example 3 with form-

aldehyde.

1-(hydroxymethyl)-ethyl octanoyl-phosphinate 1s the
alcohol-phosphinate 1m  which R.=n-C,H,, (Oct),
R, —C,H.O (FtO) and R,—H. It thus corresponds to the
following formula:

O
Ct ~ L
EtO'/

O
OH

~_

The characterisation data of this compound, synthesised
with a 38% vyield, are the following:

'H NMR (400 MHz, CDCL,) & (ppm): 4.98 (s, 1H, OH);
4.14-4.08 (m, 2H, O—CH.,); 3.88-3.84 (m, 2H, CH,—OH);
1.84-1.77 (m, 2H, P CH.); 1.64-1.56 (m, 2H, P— CH,
CH.); 1.40-1.27 (m, 13H, CH, and O CH,—CH,); 0.88 (t,
3H, J=7.2 Hz, CH.,)

31p NMR (160 MHz, CDCL,) 8 (ppm): 25.8

Example 6: Synthesis of Amido-Phosphonates

The synthesis of an amido-phosphonate implements an
alcohol-phosphonate with a halide-amide, according to the

Williamson reaction, 1 the presence of sodium hydride
(NaH) and potassium 1odide (KI) in tetrahydrofuran (THEF).

The corresponding reaction, noted (10), 1s the following,
it being specified that one of the alkoxyl groups of R and R
hydrolyses during this reaction:
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(10)
O O
‘Il OH + X L R NaH/KI/THF
o >
Rg |
R R, Rg
alcohol- halide-amide
phosphonate Ry, Rg=
Rs, Rg = alkyl groups
alkoxyl groups
i i
P O C R~
HO/ / "'\.N/
Rs6 |
R, Ry Rg

amido-phosphonate

Compound (I-b)

Several amido-phosphonate syntheses will now be
described. These syntheses were all implemented according
to the following operating protocol: to a suspension of NaH
(4 eq, washed beforchand 2 times with pentane) 1n anhy-
drous THF (1 mol/L) 1s added, under stirring, KI (1 eq). The
suspension 1s cooled to 0° C. and a solution of alcohol-
phosphonate 1n THF (1 eq at 0.5 mol/L) 1s added drop by
drop. Alter total addition, the mixture 1s stirred for 1 h at 0°
C. then a solution of halide-amide (1.2 eq) in THF 1s added
drop by drop. The mixture 1s next stirred for 6 h. The crude
1s next acidified using a saturated solution of ammonium
chloride (NH_,C1), added drop by drop at 0° C. Once the
ellervescence has stopped, a quantity of this solution equal
to half of the volume 1n THF 1s added and the mixture 1s
stirred for 15 min. The solvent 1s next evaporated. The crude
1s taken up in ethyl acetate then washed with saturated
NH_CI (2 times) and water (2 times). The organic phase 1s
dried over Na,SO, then concentrated 1n a rotary evaporator.
The resulting crude 1s next purified by flash chromatography
on silica gel column (eluant: ethyl acetate/methanol from
100/0 to 80/20, v/v) to obtain the corresponding amido-
phosphonate which 1s 1n the form of a viscous oil.

6.1 Synthesis of butyl (((N,N-dioctylcarbamoyl)-2-
oxoethoxy )methyl)-phosphonate

The synthesis of butyl (((N,N-dioctylcarbamoyl)-2-0x-
oethoxy)methyl)-phosphonate 1s obtained by the reaction of
the alcohol-phosphonate 1n which R.—R =n-C_ H,O (BuO)
and R,—H (see paragraph 2.1 above), with the halide-amide
in which X—Cl, R—R=n-C_,H,- (Oct) and R,—H.

The corresponding reaction, noted (11), 1s the following:

(11)

O O
H (l 5 NaH/KI/THF _
BUO/I"\/OH + Cl\/ \‘“N"’f ct =
ORu | Yield = 72%
Oct
O O
IP! [
- f‘\/o\/C\N _Oct
OH |
Oct
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The characterisation data of this amido-phosphonate, syn-
thesised with a 72% vield, are the following:

'"H NMR (400 MHz, CDCl,) 8 (ppm): 10.9 (s, 1H, OH);
4.34 (s, 2H, CO—CH,—0); 4.14-4.08 (m, 2H, O—CH.,);
3.95 (d, 2H, J=8 Hz, P—CH,—0); 3.30 (t, 2H, J=7.8 Hz,
CH,—N); 3.13 (t, 2H, J=7.8 Hz, CH,—N); 1.70-1.63 (m,
2H, O—CH,—CH,); 1.58-1.50 (m, 4H, CH,—CH,—N);
1.44-137 (m, 2H, O—CH,—CH,—CH,); 1.32-1.22 (m,
20H, CH,); 0.94-0.86 (m, 9H, CH,)

>'P NMR (160 MHz, CDCL,) & (ppm): 21.5

HRMS (EI+): calculated for C, H, NO.P: 449.3348;
found: 449.3348

6.2 Synthesis of butyl (((N,N-diethylhexylcarbam-
oyl)-2-oxoethoxy )methyl)-phosphonate

The synthesis of butyl (((N,N-diethyllhexylcarbamoyl)-
2-oxoethoxy)methyl)-phosphonate 1s obtained by the reac-
tion of the alcohol-phosphonate 1n which R.—R =n-C_ H,O
(BuO) and R,—H (see paragraph 2.1 above), with the
halide-amide 1n which X—CIl, R.—R =2-ethyl hexyl (noted
EtHex or HexEt) and R,—H.

The corresponding reaction, noted (12), 1s the following:

(12)

O O
| | Nall/KI/THF
BUO/ I"\/OH + Cl\/C\NﬁHeXEt T :
OBu ‘ Yield = 42%
HexEt
O O
b ol 0 e
ex
OH |
HexEt

The characterisation data of this amido-phosphonate, syn-
thesised with a 42% vield, are the following:

'"H NMR (400 MHz, CDCl,) 8 (ppm): 7.96 (s, 1H, OH);
437 (s, 2H, CO—CH,—0); 4.17-4.07 (m, 2H, O—CH,);
3.92 (d, 2H, J=8 Hz, P—CH,—0); 3.40-3.20 (m, 2H,
CH,—N); 3.06-3.0 (m, 2H, CH,—N); 1.72-1.56 (m, 4H,
O—CH,—CH, and CH); 1.47-1.37 (m, 2H, O—CH,—
CH,—CH,); 1.36-1.18 (m, 16H, CH,); 0.96-0.86 (m, 15H,
CH;)

>'P NMR (160 MHz, CDCL,) & (ppm): 20.6

HRMS (EI+): calculated for C, H, NO.P: 449.3348;
found: 449.3348

6.3 Synthesis of butyl (((N,N-diethylhexylcarbam-
oyl)-2-oxoethoxy)nonyl)-phosphonate

The synthesis of butyl (((N,N-diethylhexylcarbamoyl)-2-
oxoethoxy )nonyl)-phosphonate 1s obtained by the reaction
of the alcohol-phosphonate in which R.—R . .=n-C H,O
(BuO) and R,=n-C.H,, (Oct) (see paragraph 4.1 above),
with the halide-amide in which X—Cl, R.—R=n-C_ H,
(Oct) and R,—H.

The corresponding reaction, noted (13), 1s the following:

(13)
O O
‘P OH Cl ll O e
+ ct -
BUO/’/ \./ \N/’ | 6 h
BuO ‘ Yield = 22%
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-continued
O
H H o
BUO/ / \/ "\ ‘ ~
Oct Oct

The characterisation data of this amido-phosphonate, syn-
thesised with a 22% vield, are the following;:

"H NMR (400 MHz, CDCl,) & (ppm): 9.85 (s, 1H, OH);
4.61 (d, 1H, J=15.4 Hz, CO—CH,—0); 4.19 (d, 1H, J=154
Hz, CO—CH,—0); 4.16-4.07 (m, 2H, O—CH,); 3.62-3.58
(m, 1H, P—CH—0); 3.31 (t, 2H, J=7.8 Hz, CH,—N); 3.11
(t, 2H, J=7.8 Hz, CH,—N); 1.96-1.74 (m, 2H, CH,—CH—
P); 1.70-1.60 (m, 2H, O—CH,—CH,); 1.59-1.47 (m, 4H,
CH,—CH,—N); 1.45-1.35 (m, 2H, O—CH,—CH,—
CH 2) 1.34-1.20 (m, 32H, CH,); 0.94-0.86 (m, 12H CHS)

*'P NMR (160 MHz, CDCl,) 8 (ppm): 22.1

HRMS (EI+): calculated for C;,H..NO.P:
found: 562.4604

562.4600;

6.4 Synthesis of butyl (((N,N-diethylhexylcarbam-
oyl)-2-oxoethoxy)ethyl)-phosphonate

The synthesis of butyl (((N,N-diethyllhexylcarbamoyl)-
2-oxoethoxy)ethyl)-phosphonate 1s obtained by the reaction
of the alcohol-phosphonate in which R.—R =n-C,H,O
(BuO) and R,—CH, (see paragraph 4.2 above), with the
halide-amide 1n which X—CIl, R.—R,=n-C;H,, (Oct) and
R,—H.

The corresponding reaction, noted (14), 1s the following:

(14)
O O
‘Il on - (l 5 NaH/KI/THF
+ ct -
BuO” / AN - 6h
RuO ‘ Yield = 10%
Oct
O O
b ot _o
ct
BUO/ / ~_ "\N.#'"
HO |
Oct

The characterisation data of this amido-phosphonate, syn-
thesised with a 10% yield, are the following:

"H NMR (400 MHz, CDCL,) & (ppm): 4.48 (d, 1H, J=16
Hz, CO—CH,—0); 4.19 (d, 1H, J=15.4 Hz, CO—CH,—
0); 4.21-4.10 (m, 3H, CO—CH,—O and O—CH,); 3.77-
3.71 (m, 1H, P—CH—0); 3.33 (t, 2H, J=7.6 Hz, CH,—N);
3.10 (t, 2H, J=7.6 Hz, CH,—N); 1.73-1.65 (m, 2H,
O—CH,—CH,); 1.60-1.38 (m, 9H, CH,—CH,—N and
O—CH,—CH,—CH, and CH,—CH); 1.37-1.21 (m, 20H,
CH,); 0.97-0.87 (m, 9H, CH;)

*'P NMR (160 MHz, CDCL,) & (ppm): 22.3

HRMS (EI+): calculated for C,,H.,NO.P: 463.3503;
found: 463.3507

6.5 Synthesis of butyl (((N,N-diethylhexylcarbam-
oyl)-1-oxopropan-2-yl)methyl)-phosphonate

The synthesis of butyl (((N,N-diethylhexylca rbamoyl)-
1 -oxopropan-2-yl)methyl)-phosphonate 1s obtained by the
reaction of the alcohol-phosphonate 1 which R.—R =n-
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C,H,O (BuO) and R,—H (see paragraph 2.1 above), with
the halide-amide 1n which X—Br, R.—R,=n-C H,, (Oct)
and R,—CH,.
The corresponding reaction, noted (15), 1s the following:

(15)

O O
‘Il on N ll 5 NaH/KI/THF
+ T Ct Fo-
OBRu ‘ Yield = 56%
Oct
O O
b ol At o
C
Buo”” | N ~NT
OH |
Oct

The characterisation data of this amido-phosphonate, syn-

thesised with a 56% vield, are the following:
'"H NMR (400 MHz, CDC1,) § (ppm): 10.6 (s, 1H, OH);

4.47-4.42 (m, 1H, CH); 4.14-4.08 (m, 2H, O—CH,); 3.76
(dd, 2H, J=8.8 and 3.8 Hz, P—CH,—0); 3.49-3.41 (m, 1H,
CH —\T) 3.30-3.16 (m, 3H, CH,—N); 1.71-1.64 (m, 2H,
O—CH,—CH,); 1.61-1.48 (m, 4H, CH,—CH,—N); 1.47-
1.37 (m, SH, O—CH,—CH,—CH, and CH,—CH); 1.34-
1.24 (m, 20H, CH,); 0.96-0.86 (m, OH, CH;)

*'P NMR (160 MHz, CDCL,) 8 (ppm): 21.8

HRMS (EI+): calculated for C, H.,NO.P: 463.3505;
found: 463.3507

6.6 Synthesis of ethylhexyl (((N,N-dioctylcarbam-
oyl)-2-oxoethoxy )methyl)-phosphonate

The synthesis of ethylhexyl (((N,N-dioctylcarbamoyl)-2-
oxoethoxy)methyl)-phosphonate 1s obtained by the reaction
of the alcohol-phosphonate in which R.—R =2-ethylhexyl
(noted EtHex or HexEt) and R,—H (see paragraph 4.3
above), with the halide-amide in which X—Cl, R.—R=n-
C;H,- (Oct) and R,—H.

The corresponding reaction, noted (16), 1s the following:

(16)

0O O
\Il o . ! o, NalUKUTHE
+ Ct -
EtHexo/\\/ NN - 6h
OHexFEt ‘ Yield = 40%
Oct
0 0
Lo .
EtHexo/\\/ ~" \“’f
OH

Oct

The characterisation data of this amido-phosphonate, syn-
thesised with a 40% vyield, are the following;:

'"H NMR (400 MHz, CDCl,) 8 (ppm): 10.4 (s, 1H, OH);
4.35 (s, 2H, CO—CH,—0); 4.08-3.98 (m, 2H, O—CH,);
3.96 (d, 2H, J=8 Hz, P—CH,—0); 3.32 (t, 2H, J=7.6 Hz,
CH,—N); 3.12 (t, 2H, J=7.6 Hz, CH,—N); 1.63-1.49 (m,
SH, CH,—CH,—N and CH); 1.48-1.23 (m, 28H, CH,);
0.92-0.88 (m, 12H, CH,)

>'P NMR (160 MHz, CDCL,) & (ppm): 21.2

HRMS (EI+): calculated for C, H.INO,P: 489.4025;
found: 489.4024
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Example 7: Synthesis of an Amido-Phosphinate

The synthesis of an amido-phosphinate implements an
alcohol-phosphinate with a halide-amide, according to the
Willilamson reaction, in the presence of sodium hydride
(NaH) and potassium 1odide (KI) in tetrahydrofuran (THEF).

The corresponding reaction, noted (10bis), 1s the follow-
ing, it being specified that the alkoxyl group among R, and
R hydrolyses during this reaction:

(10bis)
O O
‘Il OH + X L R NaH/KI/THF
o -
Rg |
Rj Ry Rg
alcohol- halide-amide
phosphinate R+, Rg=
Rs, Rg = alkyl groups
alkoxyl group +
alkyl group
i i
P O C R~
Rs6 |
R, Ry Rg

amido-phosphinate

Compound (I-b)

The present reaction 1s illustrated with the synthesis of
octyl ({({N,N-dioctylcarbamoyl)-2-oxoethoxy )methyl)-phos-
phinate which 1s obtained by the reaction of the alcohol-
phosphinate mn which R; (or R )=n-C ;H,-, (Oct), R, (or
R )—C,H.O (EtO) and R,—H (see example 5 above), with
the halide-amide in which X—Cl, R.—R=n-C;H,-, (Oct)
and R,—H.

It 1s specified that this synthesis 1s carried out according
to the operating protocol described above, in chapter 6, for
the synthesis of amido-phosphonates, the solution of alco-
hol-phosphonate 1n THF being, 1n the present case, replaced
by a solution) of alcohol-phosphinate.

The corresponding reaction, noted (17), 1s the following:

(17)

O O
| | NaH/KI/THF
o /I"\/OH + Cl\/C\N _Oct -
OF+ | Yield = 48%
Oct
O O
b o b o
oct/\\/ N ST )
OH |
Oct

The characterisation data of this amido-phosphonate, syn-
thesised with a 48% vield, are the following;:

'"H NMR (400 MHz, CDCl,) & (ppm): 4.34 (s, 2H,
CO—CH,—0); 3.88 (d, 2H, J=6 Hz, P—CH,—0); 3.32 (1,
2H, J=7.8 Hz, CH,—N); 3.12 (t, 2H, J 7, Hz, CH,—N);
1.88-1.80 (m, 2H, CH,—P); 1.72-1.62 (m, 2H, CH,—
CH,—P); 1.61-1.49 (m, 4H, CH,—CH,—N); 1.44-1.20 (m,
28H, CH,); 0.93-0.88 (m, 9H, CH,)

*'P NMR (160 MHz, CDCL,) 8 (ppm): 48.6
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HRMS (EI+): calculated for C,-H..NO_,P: 489.4025;
found: 489.4024

Extracting Properties of Compounds According to
the Invention

Modalities For Evaluating Extracting Properties

The extracting properties of the compounds were evalu-
ated by measuring the distribution coeflicients of the species
in solution, by Inductively Coupled Plasma-Optic Emission
Spectrometry (ICP-OES), after dilution of the aqueous solu-
tions to measurable contents (between 0 and 20 ppm), before
and after contact with the organic phase.

* Unless stated otherwise or a third phase appears at the
extraction, the distribution coeflicient of a metal element M,
noted D), , between an organic phase and) an aqueous phase
1s determined by the following equation:

[M ]org.
Dy =
YT ML,
with [M],, . =concentration of the metal element in the

organic phase at the extraction equilibrium (in Mg/L), and
[M],,, =concentration of the metal element in the aqueous
phase at the extraction equilibrium (1n Mg/L).
* The selectivity of the extraction 1s systematically evalu-
ated from the selectivity factor, noted FS and determined by
the following equation:

_ Dui

FS= ——
Do

with D, ,,=distribution coeflicient of the metal element M1,
and
D, ,,=distribution coeilicient of the metal element M2
(1ron will mainly be considered).
* The extraction performance 1s expressed by the extrac-
tion percentage, noted E(%) and determined by the follow-
Ing equation:

with D, =distribution coethlicient of the metal element M,
and
A/O=ratio between the volumes of the aqueous and
organic phases.
Operating Protocols
In order to be as close as possible to the conditions
encountered during extractions of lixiviation liquors, the
extraction tests were carried out with acid aqueous phases
comprising several metal elements, noted M, and organic
phases comprising an extraction agent. More precisely, these
metal elements M comprise a transition metal (Fe) as well as

lanthanides, noted Ln, totalling 5 1n number (La, Nd, Gd, Dy
and Yb).

The compositions of the aqueous and organic phases,
betore contact, are the following, it being specified that the
unmit “M” used here and hereafter corresponds to the abbre-
viation of the SI unit “mol/L™:
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Aqueous Phases:
1 mM of each of the lanthanides La, Nd, Gd, Dy and Yb,

and 50 mM of Fe,
from 0.5 M to 5 M of H,PO, with, optionally, a modifi-

cation of the 1onic force by addition o1 0.1 Mto 2 M of 5

NaNQ,;.
Organic Phases:
from 10 mM to 100 mM of extraction agent 1n dodecane,
it being noted that the molar concentration of extraction
agent 1s at least equal to two times the total molar
concentration of lanthanides.

Each aqueous solution 1s brought into contact with an
organic solution comprising the considered extraction agent
in dodecane.

This bringing into contact i1s carried out volume by
volume (that 1s to say that the volumes of organic solution
Vorg and of aqueous solution Vaq are identical, Vorg=Vaq),
by mechanical stirring, for 20 minutes, 1n a 15 mL tube and
at room temperature (21-22° C.). After centrifugation, the
resulting aqueous and organic phases are separated from
cach other then are each analysed by ICP-OES.
Experimental Results

Example 8: Extraction by TODGA (Comparative
Example)

The present example was carried out in the following
conditions:

Aqueous phase: 1 mM of each lanthanide (LLa, Nd, Gd, Dy,
Yb)+50 mM of Fe in variable concentrations of phos-
phoric acid ([H,PO, ]=trom 0.5 M to 5 M)

Organic phase: 10 mM of extraction agent in dodecane, the
extraction agent being TODGA of formula (extraction
agent described 1n reference [1]):

[‘\' (‘j
Oct C O C Oct
C\vav\Nfc
|

Oct Oct
TODGA

The calculated values of the distribution coeflicients D
and the extraction percentages E(%) are reported 1n table 1
below:

TABLE 1
[H3:PO,4] (in M)
5 3 1 0.5
Element M

D E(%0) D E(%) D E(%) D E(%)
Fe <0.001 <0.1 <0.001 <0.1 =<0.001 =<0.1 <0.001 <0.1
La <0.001 <0.1 <0.01 <] <(.01 <] <0.01 <]
Nd <0.001 <0.1 <0.01 <] <(.01 <] <0.01 <]
Gd 0.01 ‘ 0.01 “ <(.02 <2 <0.02 <2
Dy 0.01 0.01 <(.02 <2 <0.02 <2
Yhb 0.01 0.01 <(.02 <2 <0.02 <2

As reported 1n table 1 above, the values of the extraction
percentages E(%) as obtained are all below 2% and this
applies whatever the concentration of phosphoric acid 1n the

aqueous phase.
These results clearly highlight the fact that TOGDA
absolutely does not make it possible to extract lanthanides
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from an aqueous phase comprising phosphoric acid, unlike
what happens when the aqueous phase comprises nitric acid

(see reference [1]).

Example 9: Extraction by a Phosphonate-Phosphine
Oxide

The present example was carried out in the following
conditions:

Aqueous phase: 1 mM of each lanthanide (La, Nd, Gd, Dy,
Yb)+50 mM of Fe 1in variable concentrations of phos-
phoric acid (|[H;PO,]=trom 0.5 M to 5 M)

Organic phase: 10 mM of extraction agent in dodecane, the
extraction agent being the following compound (see para-
graph 2.3 above):

0 0O

b o _t
Bu0” \\/ ~7 \\Om

OH Oct

The calculated values of the distribution coeflicients D
and the extraction percentages E(%) are reported 1n table 2.1
below:

TABLE 2.1
[H3PO4] (in M)
5 3 1 0.5
Element M
D E(%) D E(%0) D E(%0) D E(%)
Fe 0.004 0.4 0.21 17 0.47 32 0.65 24
[a <(0.001 <0.1 0.03 0.03 3 0.06 6
Nd <(0.001 <0.1 0.02 0.05 4 0.2 15
Gd <(0.001 <0.1 0.02 0.05 5 0.15 13
Dy 0.15 13 0.06 6 0.12 11 0.29 22
Yhb 0.63 39 2.56 72 6.8 R7 10.4 o1

The calculated values of the selectivity factors FS of each
lanthanide Ln compared to Fe, noted FS; -, are reported 1n

table 2.2 below:

TABLE 2.2

[H.PO,] (in M)

5 3 1 0.5
[Lanthanide Ln
F SLHFFE' FSLH;’FE FSLH;’FE FSLH;’FE

La <0.25 0.14 0.06 0.09
Nd <(0.25 0.10 0.11 0.26
(d <0.25 0.10 0.11 0.23
Dy 2.5 0.29 0.26 0.45
hds 158 12 14 16

The calculated values of the selectivity factors FS of the
clement Yb compared to each element M, noted FSy, , , are
reported 1n table 2.3 below:



US 10,450,629 B2

29
TABLE 2.3

[H.PO,] (in M)

5 3 1 0.5
Element M
FSyeimr ESyemr ES voiar ESyiar
Fe 158 12 14 16
La =200 85 =200 173
Nd >200 128 136 52
Gd =200 128 136 69
Dy 63 43 57 36

The extraction agent used in the present example 1s
cilicient for the extraction of Yb in phosphoric medium,
quite particularly at 0.5 M.

Although the Yb extraction performance 1s lower at 5 M
[H,PO.] (39%), this extraction 1s, on the other hand, par-

ticularly selective with respect to other lanthanides (FSy,,
py>>60 and FS,,,, >200 for Ln=La, Nd, Gd) as well as with
respect to 1ron (FSy,,,~.=138) at such a molar concentration.

The Yb extraction performance 1s enhanced for lower
acidities (for example, E(%)=91% at 0.5 M 1n [H,PO,]), but
a reduction in the selectivity factor with respect to iron
(FS,, ~.=16 at 0.5 M 1n [H,PO,]) 1s then observed.

Example 10: Extraction by an Amido-Phosphinate

The present example was carried out in the following
conditions:

Aqueous phase: 1 mM of each lanthanide (LLa, Nd, Gd, Dy,
Yb)+50 mM of Fe in variable concentrations of phos-
phoric acid (|[H,PO,]=from 0.5 M to 5 M)

Organic phase: 10 mM of extraction agent in dodecane, the
extraction agent being the following compound (see
example 7 above):

I i
P O C Oct
OH |

Oct

The calculated values of the distribution coeflicients D
and the extraction percentages E(%) are reported 1n table 3.1
below:

TABLE 3.1

[H.,PO,] (in M)

5 3 1 0.5

Element M
D E(%) D E(%) D E(%0) D E(%)
Fe 0.001 0.1 0.24 19 0.54 35 0.51 34
La 0.01 1 0.02 2 0.02 2 0.07 7
Nd 0.03 3 0.02 2 0.03 3 0.17 15
Gd 0.04 4 0.03 3 0.02 2 0.25 20
Dy 0.07 7 0.04 4 0.02 2 0.25 20
Yhb 0.11 10 0.20 17 0.23 19 1.52 60

The calculated values of the selectivity factors FS of each
lanthamide Ln compared to Fe, noted FS, -, are reported 1n

table 3.2 below:
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TABLE 3.2

[H3PO,4] (in M)

5 3 1 0.5
Lanthanide Ln
F SLHIFE FSLH;’FE FSLane FSLH;’FE
La 10 0.08 0.04 0.14
Nd 30 0.08 0.06 0.33
Gd 40 0.13 0.04 0.49
Dy 70 0.17 0.04 0.49
hds 110 0.83 0.43 2.98%

The extraction agent used in the present example 1s
ciicient for the extraction of Yb mm 0.5 M phosphoric
medium, with E(%)=60%, it being noted that, at this molar
concentration of [H,PO,], the selectivity with respect to 1ron

1s lower (FSy, -~ =2.98).

Example 11: Extraction by a First
Amido-Phosphonate

In this example 11, the extraction agent used 1s the
following compound (see paragraph 6.1 above):

i i
P O C Oct
OH |

Oct

11.1 A first series of extractions was carried out 1n the
following conditions:

Aqueous phase: 1 mM of each lanthanide (La, Nd, Gd, Dy,
Yb)+50 mM of Fe 1n variable concentrations of phos-
phoric acid ([H;PO,]=from 0.5 M to 5 M)

Organic phase: 10 mM of the above extraction agent 1n
dodecane

The calculated values of the distribution coeflicients D
and the extraction percentages E(%) are reported in table 4.1
below:

TABLE 4.1

[H:PO,] (in M)

5 3 1 0.5
Element M

D E(%0) D E(%) D E(%) D E(%)
Fe 0.02 1.5 0.04 4 0.18 15 0.21 17
[a <0.001 <0.1 <0.001 <0.1 =<0.001 <0.1 <0.001 <0.1
Nd 0.9 47 0.5 33 0.28 22 0.35 26
Gd 6.5 R7 2.89 74 0.67 40 0.68 40
Dy 2R.5 Q7 11.7 92 1.35 57 1.17 54
Yhb 81 99 69.5 99 5.97 R6 3.64 78

The calculated values of the selectivity factors FS of each

lanthanide Ln compared to Fe, noted FS, - _, are reported 1n
table 4.2 below:
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TABLE 4.2

[H.PO,] (in M)

32

The extraction agent used in the present example 1s
el

the exception of La), with a more pronounced performance

icient for the extraction of all the lanthanides tested (with

5 3 1 0.5 , : : :
I anthanide 1.0 5 for lanthanides with the highest atomic numbers (Dy and
Yb).
F SLHJ’F&' F SLH;’FE' F SLane F SLH;’FE
La <0.1 <0.1 <0.1 <0.1 _ _ _ _ _
Nd 60 13 5 5 This extraction agent also makes 1t possible to attain good
Gd >200 74 4 3 10 . * : _
Dy 0 00 ; ; selectivity with respect to 1wron (FS,, =60 and FS, .
Yb >>200 >>200 34 14 greater (>>), or even much greater (»), than 200 for Ln=Gd,
Dy, Yb), n 3 M and 3 M phosphoric medium.
11.2 A second series of extractions was carried out in the
tollowing conditions: 15 . . . : .
: Th th | trat f th tract
Aqueous phase: 1 mM of each lanthanide (LLa, Nd, Gd, Dy, & HEHEASE e mij 'ar COHEEIHAHOL O 'IS A rﬁac 1o
Yb)+50 mM of Fe in phosphoric acid ([H,PO,]=5 M) agent as well as the addition of NaNO, make 1t possible to
Organic phase: variable concentrations of extraction agent  increase the extraction performance of all the lanthanides,
(Iextraction agent]=irom 10 mM to 40.mM) . fl gdecane notably of lanthanides of lower atomic number (LLa and Nd),
The calculated values of the distribution coeflicients D 20 _ _ _ _
and the extraction percentages E(%) are reported in table 4.3 while conserving good separation factors with respect to
below: 1ron.
TABLE 4.3
[extraction agent]| (mM)
10 15 20 23 30 35 40
Element M
D E(%) D F(%) D E(%) D F(%) I E(%) D F(%) D E(%)
Fe 0.02 1.5 0.001 0.1 0.04 4 0.06 6 0.07 7 0.12 11 0.41 29
La <0.001 <0.1 0.2 17 0.34 25 0.49 33 0.69 41 1.1 52 5.2 84
Nd 0.9 47 2 67 2.9 74 3.7 79 4.5 82 0.2 86 24 96
Gd 6.5 87 15 04 19 95 22 06 23 96 26 96 51.5 98
Dy  28.5 o7 4% 98 59 98 o7 99 70 99 75 99 94 99
Yb 81 99 >500 =999 >500 =999  >500 =99.9  >500 =999  >500 =999 >500 =99.9
11.3 A third series of extractions was carried out in the Example 12: Extraction by a Second
following conditions: Amido-Phosphonate
Aqueous phase: 1 mM of each lanthanide (La, Nd, Gd, Dy, 40 1 {pg example 12, the extraction agent used is the
Yb?"'SO mM of Fe 1n phpsphgnc acid ([H;POL]=5 M), following compound (see paragraph 6.6 above):
optionally with added sodium nitrate ([NaNO,]|=ftrom 0 to
2 M) | | 0 0
Organic phase: 15 mM of the above extraction agent in | |
dodecane 45 P O C Oct
L .. I N N
The calculated values of the distribution coeflicients D BitHex (LH T
and the extraction percentages E(%) are reported 1n table 4.4 Oct
below:
TABLE 4.4
[INaNO;]| (M)
0 0.1 0.5 1 2
Element M
D E(%) D (%) D E(%) D (%) I F(%)
Fe 0.001 0.1 0.01 0.1 0.04 4 0.06 6 0.07 7
La 0.2 17 0.19 16 0.41 29 0.51 34 0.57 36
Nd 2 67 3 73 6 RO 7 RE 7 87
Gd 15 94 25 96 72 99 105 99 111 99
Dy 48 OR 97 98 331 99.7 535 99.8 >>500 =99.9
Yb  >300 =099 >300 =99.9 >500 =99.9  >500 =099  >500 =99.9
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The calculated values of the selectivity factors FS of each
lanthanide Ln compared to Fe, noted S, .., are reported 1n

33

tollowing conditions:
Aqueous phase: 1 mM of each lanthanide (LLa, Nd, Gd, Dy,
Yb)+50 mM of Fe in variable concentrations of phos-

table 5.2 below:

phoric acid ([H,PO,]=from 0.5 M to 5 M) 5 IABLE 5.2
Orgalélc phase: 10 mM of the above extraction agent 1n H.PO.] (in M)
odecane
The calculated values of the distribution coetflicients D 3 3 1 0.5
and the extraction percentages E(%) are reported in table 5.1 . Lanthanide L
below: FSLHIFE FSLane FSLH!FE FSLHFFE
La <0.1 <0.1 <0.1 <0.1
1ABLE 5.1 Nd 2 2 8 0.1
. Gd 3 8 0.1 <0.1
[H,PO,] (in M) Dy 5 17 0.4 0.2
. \ 1 ) s 15 Yb 9 61 5.5 e
Element M

12.2 A second series of extractions was carried out 1n the

D E(% D E(% D E(% D E(% : P
%) o) o) o) following conditions:

Fe 0.03 3 0.01 1 0.26 20 036 265 Aqueous phase: 1 mM of each lanthanide (LLa, Nd, Gd, Dy,

La <0.001 <0.1 =<0.001 <0.1 =<0.001 =<0.1 <0.001 <0.1 Yb)+50 mM of Fe in phosphoric acid ([H;PO.]=5 M)
Nd v.o7 65 0.l o 0033 .ol Organic phase: variable concentrations of extraction agent

Gd 0.0%8 7 0.1 9 0.04 4 0.01 1 . _ .
Dy 014 12 0o 7 011 10 007 . 5 ([extraction agent]=from 10 mM to 40 mM) 1n dodecane
Vh 076 1 077 4D 140 5% 1 67 625 The calculated values of the distribution coetlicients D
and the extraction percentages E(%) are reported 1n table 5.3
below:
TABLE 5.3
[extractant] (mM)
10 15 20 25 30 35 40
Element M

D E% D E% D E% D E% D E% D E®%) D E%)

Fe 0.03 3 0.03 3 0.07 6.5 0.005 05 017 145 0.22 18 0.25 20

La <0.001 <0.1 0.11 10 0.17 145 0.23 19 032 24 0.37 27 044 31

Nd 0.07 6.5 0.28 22 041 29 0.56 36 0.78 44 0.94 485 1.1 53

Gd 0.08 7 0.32 24 045 31 0.61 3% 0.8 46 1 51 1.3 56

Dy 0.14 12 0.47 32 0.68 40.5 095 49 1.3 56.5 1.6 01 2 06

Yb 0.26 21 2.5 71 3.2 76 4 80 5 83 6 83 7 87

40

12.3 A third series of extractions was carried out in the

following conditions:
Aqueous phase: 1 mM of each lanthanide (LLa, Nd, Gd, Dy,
Yb)+50 mM of Fe in phosphoric acid ([H,PO,]=5 M),
4> optionally with added sodium nitrate ([NaNO,]=from O to
2 M)
Organic phase: 15 mM of the above extraction agent 1n
dodecane

The calculated values of the distribution coeflicients D
50 and the extraction percentages E(%) are reported 1n table 5.4

below:
TABLE 54
[NaNO;] (M)
§ 0.1 0.5 1 2
Element M
D E%) D E% D E% D E%) D  E%)
Fe 0.03 3 0.004 04 <0001 <0.1 <0001 <0.1 =<0001 =<0.1
La 0.11 10 0.07 7 0.11 10 0.16 14 0.17 15
Nd 0.28 22 0.1% 15 0.4 29 0.55 35 0.67 40
Gd 0.32 24 0.23 19 0.6 38 1 50 1.5 61
Dy 0.47 32 0.35 26 0.82 45 1.3 57 2 66
Yb 2.5 71 0.6 36 0.9 47 1.1 53 1.5 59
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The extraction agent used 1n the present example remains

ellicient for the extraction of Yb in phosphoric medium, this

extraction performance being inversely proportional to the

molar concentration of [HyPO,].
As 1n example 11, 1t 1s observed that the increase 1n the
molar concentration of this extraction agent as well as the

addition of NaNO,; make 1t possible to increase the extrac-
tion performance of all the lanthanides, notably of lan-
thanides of lower atomic number (La and Nd), while con-

serving good separation factors with respect to 1ron.

Example 13:

Hxtraction by a Third
Amido-Phosphonate

In this example 13, the extraction agent used 1s the
following compound (see paragraph 6.3 above):

BuO
H

0O
I
P

Oct

O
|

O C
~7 7

Oct

Oct

13.1 A first series of extractions was carried out in the
tollowing conditions:
Aqueous phase: 1 mM of each lanthanide (LLa, Nd, Gd, Dy,

Yb)+50 mM of Fe in variable concentrations of phos-
phoric acid ([H PO, |=from 0.5 M to 5 M)

Organic phase: 10 mM of the above extraction agent 1n
dodecane
The calculated values of the distribution coet
and the extraction percentages .

icients D
(%) are reported 1n table 6.1

below:
TABLE 6.1
[H.PO,] (in M)
1 0.5
Element M

D E@% D E% D E%) D  E%)
Fe 0.03 3 <(.001 <0.1 0.13 20 0.26 26.5
La <().001 <0.1 =<0.001 =0.1 =<0.001 =<0.1 =0.001 =0.1
Nd <().,001 =<0.1 =<0.001 =0.1 =<0.001 =<0.1 =0.001 =0.1
(d <().001 <0.1 =<0.001 =0.1 =<0.001 =<0.1 =0.001 =0.1
Dy 0.02 2 0.02 2 0.07 6.5 0.09 8
Yb 0.16 14 0.5 33 2 66 2.4 71
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The calculated values of the selectivity factors FS of each >

lanthanide Ln compared to Fe, noted FS, - _, are reported 1n

table 6.2 below:

La
Nd
Gd

Yb

below:

La
Nd
(d

Yb

36

TABLE 6.2

[H3PO,4] (in M)

5 3 1 0.5
Lanthanide Ln
F SLR;’FE FSLHIFE FSLHIFE FSLane

<0.1 0 <0.1 <()
<0.1 0 <0.1 <0
<0.1 0 <0.1 <()

0.7 200 0.5 0.3

5.5 >>200 15 9.5

The calculated values of the selectivity factors FS of the
clement Yb compared to each element M, noted FS, ,,, are
reported 1n table 6.3 below:

Fe

La
Nd
Gd

TABLE 6.3

[H3PO,4] (in M)

5 3 1 0.5
Element M

ESyiar ESyrms ES ypiar ESyiar

5.5 >>200 15 9.5
>150 >>200 >>200 >>200)
>150 >>200 >>200 >>200)
>150 >>200 >>200 >>200)

8 25 2R 27

13.2 A second series of extractions was carried out 1n the
following conditions:

Aqueous phase: 1 mM of each lanthanide (LLa, Nd, Gd, Dy,

Yb)+350 mM of Fe in phosphoric acid ([H,PO,]=5 M)

Organic phase: variable concentrations of extraction agent
([extraction agent]=10 mM to 40 mM) 1n dodecane

The calculated values of the distribution coeflicients D
and the extraction percentages E(%) are reported 1n table 6.4

TABL

-, 6.4

[extraction agent]| (mM)

10 15 25 30 35 40
Element M
D E(%) D E(%0) D E(%) D E(%0) D E(%) D E(%) D E(%0)
0.03 3 0.002 0.2 0.02 2 0.04 4 0.08 7 0.12 11 0.18 15
<0.001 <0.1 0.01 1 0.02 2 0.03 3 0.04 4 0.05 5 0.06 6
<0.001 <0.1 0.06 6 0.07 6.5 0.1 9 0.12 11 0.14 12 0.16 14
<0.001 <0.1 0.08 7 0.08 7 0.11 10 0.12 11 0.14 12 0.16 14
0.02 2 0.11 10 0.13 11.5 0.19 16 0.23 19 0.27 21 0.32 24
0.16 14 2.3 69 3 75 4 79 5 83 6 R6 7 K&
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Example 14: Extraction by a Fourth TABLE 7.3-continued
Amido-Phosphonate

[H.PO,] (in M)

The present example was carried out 1n the following 5 3 : 05
conditions: d Element M
Aqueous phase: 1 mM of each lanthanide (La, Nd, Gd, Dy,
Yb)+50 mM of Fe in variable concentrations of phos- FS yeima S yeime S e S yeaa
phoric acid ([H,PO, ]=trom 0.5 M to 5 M) Nd >200 >>200 >>200 >>200
Organic phase: 10 mM of extraction agent 1n dodecane, the gd 3‘*203 ?}?*2?? ??*238 ??228
Y

extraction agent being the following compound (see para- 1
graph 6.4 above):

Example 15: Extraction by a Fifth

ﬁ C“ Amido-Phosphonate
15
P O C Oct
~ . . .
BuO‘// N Ny The present example was carried out in the following
HO (,L t conditions:
- Aqueous phase: 1 mM of each lanthanide (La, Nd, Gd, Dy,
The calculated values of the distribution coefficients D - Yb)+50 mM of Fe in variable concentrations of phos-
and the extraction percentages E(%) are reported in table 7.1 phoric acid ([HyPO,|=from 0.5 M to 5 M)
below: Organic phase: 10 mM of extraction agent in dodecane, the
extraction agent being the following compound (see para-
TABLE 7.1 graph 6.5 above):
[H.PO,] (in M) 25
5 3 1 0.5 (‘:‘) ﬁ
Element M
P O C Oct
o o o o BUO/ ‘\./ \N/’
D E% D E% D E% D  E(%)
30 OH |
Fe 0.04 3.5 0.03 2.5 0.28 22 0.40 28 Oct
La <0.001  0.1< <0.001 <0.1 <0001 <0.1 <0001 <0.1
Nd <0.001 0.1< <0.001 <0.1 <0.001 <0.1 <0.001 <0.1 . _ _
Gd <0.001 01< <0001 <0.1 <0001 <01 <0001 <0.1 The calculated values of the distribution coetlicients D
Dy 0.06 6 0.09 8 0.11 10 0.1 9 and the extraction percentages E(%) are reported in table 8.1
Yb 0.26 21 1 49 >4 84 2.4 87 35 helow:
The calculated values of the selectivity factors FS of each TABLE 8.1
lanthanide L.n compared to Fe, noted FS; .., are reported in
_ [H.PO,] (in M)
table 7.2 below:
40 5 3 1 0.5
TABLE 7.2 Element M
[H,PO,] (in M) D E®% D E®%) D E®) D  E%)
5 5 . 0.5 Fe 0.05 5 0.27 21 0.51 34 054 35
T anthamide 1.0 45 La <0.001 <0.1 <0.001 <0.1 <0.001 <0.1 <0.001 <0.1
Nd <0.001 <0.1 <0.001 <0.1 <0.001 <0.1 <0.001 <0.1
FS; . m. FS; . . FS;, 7. FS; 7. (Gd <0.001 <0.1 <0.001 <0.1 <0.001 <0.1 <0.001 <0.1
il bl il b Dy 0.01 1 0.03 3 0.06 6 0.11 10
Ia <0.1 <0.1 <0.1 <0.1 Yhb 0.34 25 0.71 41.5 1.2 54 1.3 57
Nd <0.1 <0.1 <0.1 <0.1
Gd <0.1 <0.1 <0.1 <0.1 50 o
Dy 1.7 3.5 0.4 0.3 The calculated values of the selectivity factors FS of each
Yb 7 37 12 17.5 lanthanide Ln compared to Fe, noted FS, .., are reported in

table 8.2 below:

The calculated values of the selectivity factors FS of the
element Yb compared to each element M, noted FS;,,,,, are 55 TABLE 3.2

reported 1n table 7.3 below: |
[H,PO,] (in M)

TABLE 7.3 5 3 1 0.5
L.anthanide I.n
[H,PO,] (in M) 60
F SLHIFE F SLane F SLane F SLHIFE
5 3 1 0.5

Elemeﬂt M LEL {0 {:0 {0 0{
Nd <0.1 <0.1 <0.1 0.1<
FSyene FSyaar FSyene FSyear Gd <0.1 <0.1 <0.1 U.1<

Dy 0.6 0.1 0.1 0.2

Fe 7 37 19 17.5 65 Yh 20 3 ) 2.5

La =200 >>200 >>200 >>200
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The calculated values of the selectivity factors FS of the
element Yb compared to each element M, noted FS,, , . are
reported 1n table 8.3 below:

TABLE 8.3
[H3PO,4] (in M)
5 3 1 0.5
Element M
FSyeme ESyeme ES yvoiar ESyear
Fe 20 3 2 2.5
La =200 =200 =200 =200
Nd >200 >200) >200 >200
Gd =200 =200 =200 =200
Dy 35 23 18 12

The results of examples 13 to 15 show that the presence
of a branching 1n alpha position with respect to the phos-
phonate group or to the amide group makes 1t possible to
extract efliciently and selectively Yb and this for all molar
concentrations of [H,PO,] (from 0.5 M to 5 M). It 1s
observed, 1n fact, that lanthanides of atomic number lower
than that of Yb (Ln=La, Nd, Gd, Dy) are not, or are little,
extracted.

Extraction agents comprising a branching in alpha posi-
tion with respect to the phosphonate group or to the amide
group thus have interesting performances for the extraction
of Yb with good selectivity with respect to Fe. By increasing
the molar concentration of extraction agent to values com-
prised between 15 mM and 25 mM, Yb extraction perior-
mances that lie between 71% and 80% are obtained, while
conserving good separation factors (FS,, .. >200), at high
acidity ([H,PO,]=5 M).

By comparing the results of examples 13 and 14 with
those of example 15, 1t may be observed that an extraction
agent comprising a branching 1n alpha position with respect
to the phosphonate group (R,=Oct i example 13 or
R,—CH, m example 14) leads to improved Yb extraction
performances compared to those of an extraction agent
comprising a branching in alpha position with respect to the
amide group (R,—CH; 1n example 15), 1 particular for low
molar concentrations ot [H,PO,] (0.5 M and 1 M). An
optimum efhiciency/selectivity for 1 M and 3 M molar
concentrations of [H;PO,] 1s notably obtained.

Furthermore, when the extraction agent comprises a
branching 1n alpha position with the respect to the phospho-
nate group (R,= H), 1t 1s observed that the Yb extraction
performance 1s improved when this branching 1s a methyl
branching (R,—CH, 1n example 14) compared to an n-octyl
branching (R,=0ct in example 13).
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The invention claimed 1s:

1. A method for extracting at least one rare earth from an
aqueous phase 1n which the at least one rare earth 1s present,
the aqueous phase further comprising phosphoric acid, com-
prising:

contacting the aqueous phase with an organic phase

comprising at least one compound of formula (I):
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()

R

wherein n 1s an mteger equal to 0, 1 or 2,
R, and R, are, independently of each other, a hydrogen

atom, a C, to C,, aliphatic hydrocarbon group, satu-
rated or unsaturated, linear or branched, or a C; to C,
cyclic aliphatic hydrocarbon group, saturated or
unsaturated, optionally branched,

one of R; and R, has formula (II):

(11
O
|

P
RS/ |
R

wherein R and R, are, independently of each other, a C,

to C,, aliphatic hydrocarbon group, saturated or
unsaturated, linear or branched, a C, to C, cyclic
hydrocarbon group, saturated or unsaturated, optionally
branched, a hydroxyl group —OH or an alkoxyl group
—OR, with R being a C, to C,, aliphatic hydrocarbon
group, saturated or unsaturated, linear or branched, or
a C, to C, cyclic aliphatic hydrocarbon group, saturated
or unsaturated, optionally branched, and

the other one of R, and R, has:

either formula (1I'):

0
o (1)
|

P
RS; e ‘
]K6|II

wherein R.' and R, are, independently of each other, a C,

to C,, aliphatic hydrocarbon group, saturated or
unsaturated, limear or branched, a C; to Cy cyclic
hydrocarbon group, saturated or unsaturated, optionally
branched, a hydroxyl group —OH or an alkoxyl group
—OR', with R' being a C, to C,, aliphatic hydrocarbon
group, saturated or unsaturated, linear or branched, or
a C; to C, cyclic aliphatic hydrocarbon group, saturated
or unsaturated, optionally branched,

or

formula (I1I):

(I11)

wherein R, and R, are, independently of each other, a

hydrogen atom, a C; to C,, aliphatic hydrocarbon
group, saturated or unsaturated, linear or branched, or
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a C; to C, cyclic aliphatic hydrocarbon group, saturated
or unsaturated, optionally branched and
separating the aqueous phase from the organic phase.
2. The method according to claim 1, wherein the com-
pound has formula (I-a):

(I-a)

I I
P O P
S
Ry /\r \(\ Rs
R, R,
R, R,

wherein R and/or R, are a hydroxyl group —OH.

3. The method according to claim 2, wherein

one of R and R 1s a hydroxyl group —OH and the other
one of R and R, 1s an alkoxyl group —OR, with R
being a C, to C, alkyl group, linear or branched, and

R.'and R, are, independently of each other, a C, to C,,
alkyl group, linear or branched.

4. The method according to claim 1, wherein the com-

pound has formula (I-b):

(I-b)

I I
P 0 C R,
R5// Y ~ N d
Rg |
R, R, Re

wherein R and/or R, are a hydroxyl group —OH.

5. The method according to claim 4, wherein

one of R and R, 1s a hydroxyl group —OH and the other

one of R; and R, 1s a C, to C,, alkyl group, linear or
branched, or a C, to C, alkoxyl group —OR, with R
being an alkyl group, linear or branched, and

R. and R, are, independently of each other, a C, to C,

alkyl group, linear or branched.

6. The method according to claim 2, wheremn R, and R,
are each a hydrogen atom.

7. The method according to claim 2, wherein R, and R,
are each a C, to C,, alkyl group, linear or branched.

8. The method according to claim 2, wherein one of R,
and R, 1s a hydrogen atom and the other one of R, and R,
1s a C, to C,, alkyl group, linear or branched.

9. The method according to claim 8, wherein R, 1s a
hydrogen atom.

10. The method according to claim 1, wherein the aqueous

phase 1s an acid digestion solution of a concentrate of a
natural or urban ore comprising the at least one rare earth.

11. The method according to claim 1, wherein the aqueous
phase comprises at least 0.1 mol/L of the phosphoric acid.

12. The method according to claim 1, wherein the extrac-
tion 1s carried out by liquid-liqud extraction by means of an
organic phase comprising at least 10~ mol/L of the com-
pound 1n solution in an organic diluent.

13. A method for recovering at least one rare earth present
in an aqueous phase, the aqueous phase further comprising
phosphoric acid, the method comprising:

a) extracting the at least one rare earth from the aqueous

phase by bringing the aqueous phase into contact with

an organic phase comprising at least one compound of

formula (I):
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wherein

n 1s an integer equal to 0, 1 or 2,

R, and R, are, independently of each other, a hydrogen
atom, a C, to C,, aliphatic hydrocarbon group, satu-
rated or unsaturated, linear or branched, or a C; to Cq
cyclic aliphatic hydrocarbon group, saturated or
unsaturated, optionally branched,

one of R; and R, has formula (II):

(ID
O
|

P
Ry |
R¢

wherein R and R are, independently of each other, a C,

to C,, aliphatic hydrocarbon group, saturated or
unsaturated, linear or branched, a C; to C; cyclic
hydrocarbon group, saturated or unsaturated, optionally
branched, a hydroxyl group —OH or an alkoxyl group
—OR, with R being a C, to C,, aliphatic hydrocarbon
group, saturated or unsaturated, linear or branched, or
a C, to C, cyclic aliphatic hydrocarbon group, saturated
or unsaturated, optionally branched, and

the other one of R; and R, has:
either formula (II'):

(I
O
|

P
RS; e ‘
]1-6|II

wherein R.'and R /' are, independently of each other, a C,

to C,, aliphatic hydrocarbon group, saturated or
unsaturated, limear or branched, a C; to Cy cyclic
hydrocarbon group, saturated or unsaturated, optionally
branched, a hydroxyl group —OH or an alkoxyl group
—OR', with R' being a C, to C,, aliphatic hydrocarbon
group, saturated or unsaturated, linear or branched, or
a C, to C, cyclic aliphatic hydrocarbon group, saturated
or unsaturated, optionally branched,

or formula (III):

(I11)

wherein R, and R, are, independently of each other, a

hydrogen atom, a C; to C,, aliphatic hydrocarbon
group, saturated or unsaturated, linear or branched, or
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a C; to C, cyclic aliphatic hydrocarbon group, saturated 18. A compound of formula (I-a):
or unsaturated, optionally branched, then separating the

aqueous phase from the organic phase; and
(I-a)

b) stripping the at least one rare earth present in the . O 0
organic phase as obtained at the end of step a) by ‘P" . !.
bringing the organic phase into contact with an aqueous RS / Y \“\ R
phase, then separating the organic phase from the R¢ R¢'
aqueous phase. R R2
14. The method according to claim 13, wherein the 1 herein R. and R . dentlv of each ofh
aqueous phase comprising phosphoric acid 1s a phosphoric ¢ lf;fli‘lggelll aartlom Zaaré’ 1{[10 e(p:en Zﬁ pg atoi o e§§ drgc aféjoi
acid digestion solution of a concentrate of a natural or urban aroup, saturate(i or unlsaturatéil, linear or branched, or
ore comprising the at least one rare earth. a C, to C, cyclic aliphatic hydrocarbon group, saturated
15. The method according to claim 13, wherein, during 13 Onzro}ufl{sag;tfe{djigitfylﬁ;éiﬁrg?gggdj OH and the other
. X ) _
step a) at least one salt 1s added to the aqueous phase. one of R and R, is an alkoxyl group —OR, with R
16. The method according to claim 15, wherein a molar being a C, to C, alkyl group, linear or branched, and
concentration of salt(s) 1s from 0.01 mol/Ll to 4 mol/L. R."and R, are, independently of each other, a C, to C,,
17. The method according to claim 15, wherein the at least 2¢ alkyl group, linear or branched.

one salt 1s sodium nitrate. % ok % ok %
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